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T. NTRODNYON

Telecommunication is vital to FAA. The reason is
more than just a means of communication, but it is because I
one of the communication terminals is usually airborne and
unaccessible by cables. The grcwth of airplane users cre-
ates the same growing demand for telecommunications, All
these point to a growing need for better spectrum utiliza-
tion within the telecommunicaticn spectrum.

A control tower or flight se vice station may commu- I
nicate co more than one plane at a time. Therefore, in
exiqtin" FAA facilities, multirle channels are provided at
each location. But when frequency assignments are too
close, cross modulation and inter-modulation can occur.
On one hand, demand presents a need to squeeze in more
channels into the existing spectr'um. But on the other
hand by having close frequency assignments it results in
undesirable cross-modulations and inter-modulations. Reso-
lutions of these problems require consideration of the
following:

1. Selectivity of receivers.
2. Sensitivity of receivers.
3. Channel bandwidth of transmitters and power out-

put of transmitters.
4. Sharp cutoff bandpass filters.
5. Using RF cancellation techniques.
6. Coding format.
7. Increase antenna isolation.

8. Other techniques: Time sharing, etc.

This report addresses itself to item number 7, in-
proving antenna isolations.
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2. SOMF FAA COMMUNICATION ANTENNA SITUATIONS

2.1 Physical Situations

Communication antennas are sometimes clustered
around a tower top or a roof top. For example, on
top of a control tower, communication antennas share
a space approximately 15 feet by 15 feet square.
Thus in a typical situation, antennas are mounted
less than 6 feet apart.

2.2 Existing Communication Antenna Problems

In sites visited, according to operators, equip-
ment performances were quite satisfactory. Occasion-
ally there were some loss of signal and fading.
Cross talk is ever present in the communication sys-
tem. A remedy existing, now to solve the problem
rests with the training of the operators. They are
experienced enough to separate the voice of the oth-
er operator from the noise background. The adapta-
bility of human being minimizes the problem. However,
the problem is still there, and some of these prob-
l.nms can be solved by better equipment. Loss of sig-
nal and fading can be due to antenna problems. They
could be due to poor antenna placement, such that oth-
er antennas or structures (like lightning rods) inter-
feres with the antenna's radiation characteristics.
It is seen that many of these problems can be solved
or minimized by improving antenna isolations.

- F
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3. SOLUTIONS TO THE ANTENNA ISOLATION PROBLEM

When one looks at the problem of increasing ioola-
tion, and if one takes a systems approach one must first
list the antenna parameters that will affect isolation.
The maior parameters involved here are:

1. Amplitude,
2. Phase, and
3. Polarization.

These are the electrical parameters to be consid--.
ered and of course there ara mechanical parameters lir:

i. Size,
2. Rigidity,
3. Weatherability,
'. Reliability. And lastly but not least,
5. Compatibility with the rest cf the communication

system.

Consid,-r first the three major elec-trical parameters,they are taken up one at a time in the following sections:

3.1 Amplitude Consideration

in topic one takes into consideration an-
tenna spacing and .ttern shape. For FAA *2ommun'.: ca-
tion facilities, the desired pattern shape is gener-
ally omnidirectional in the azimuth plano. Thernfcre,
isolation by taking advantage of pattern is usual~y
not applicable. Thc only other thing is antenna spa-
ing. To achieve 30 - 40 db .solation, the two anten-
nas have to be spaced 80 or so feet apart. This I
of course not possible if one confines th;r, .1tennas
to a common roof top or tower.

3. 2 Phase Considerations

Existing ideas involve the use of a feedback

loop. if the feed back contains frequencies and
phases that are different from the desirei signa,,
these extraneous signals can be suppress,!d by pha3e
opposition. It is difficult to determine and usc, the
coupling characteristics of all the antennas involved
in order to create proper phase cancellation, wit,]out
deteriation of the desired signal.

Another method without using the feedback I op

3
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ends up as a circular array system. The system is
discussed in section 4.

3.3 Polarization Considerations

Isolation by polarization diversity is very ef-
fective. But for air-ground communication in use by
FAA, the types of polarizations applicable Fre limit-
ed. They are limited to:

1. Vertical Polarization,
2. Right Handed Circular Polarization,
3. Left Handed Circular Polarization.

Polarization diversity using a vertically polar-
ized antenna and a horizontally polarized antenna can
not be used in FAA facilities. Another way is to use
circular polarizations of different rotations. It has
been shown that relatively high isolation can be a-
chieved by using such an arrangement. However, this
technique only provides one additional isolated antenna.

3.4 Vertical Stacking "

By vertically stacking two vertically polarized an-
ennas, in theory, high isolation can be achieved. But

in practice, it is impossible to achieve high isolation
if existing antennas are used, because the feeQ'ng cable
of the antenna on top will interfere wi'h the radiation
characteristics of the lower antenna. Furthermoret iso-
lation value is very sensitive to the alignment of the
two antennas. However this does not exclude the possi-
bility of designing two antennas coaxially mounted.
Such that the feed cable of the antenna on top can go
straight through the body of the lower antenna.

3.5 Some Mechanical Considerations

Some desirable features that may be incorporated
into a design are that the antennas should be construc- Tj
ted as a module so that stacking can be done to in-
crease the number of units. Some kind of weather pro-
tection shield should be provided in a form of radomes
to minimize weether interference, and also to hold an- "A
tenna tolerances. The construction of supporting struc-
tures should be designed so as to minimize interference
with antennas' electrical characteristics. For example,
tower railings can create a ground plane effect. And

'4! ,4
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also, lightning rods can shadow the antenna radiation.
It is impossible ton design an effective antenna system
without taking into conside2'ation of supporting struc-
tures.

A
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4. CIRCULAR ARRAY CONCEPT

it is a known fact that if a circular array is fed
with a progressive phase, it would create a null at the
array center. If an antenna is placed at the null point,
then perfect isolation can be achieved, This is the con-
cept of usinj circular array to achieve antenna isolation.
Further, if the array is fed by a Shelton-Butler matrix
tnen multiple beams can be formed. In this case, each de-
sired beam is doughnut shaped and is formed by a different
phase progression,

4.1 Advantages of Using a Circular Array

Because of the possibility of simultaneous beam
forming, many isolated channels equivalent to many i-
solated antennas can be formed simultaneously. An-
other advantage is the small size, because a circular
array forms the isolated channels within itself, the
size is thus limited to the size of the circular array
itself. High degree of isolation is achieved through
precision and not by site.

The concept of the phased circular array is the
mixture of amplitude consideration and phase consider-
ation, in that all the array elements must be fed with
equal amplitude and the phase is progressive. If the
amplitudes are not equal, then the resultant null would
not be a deep one. Using this concept, polarization
diversity does not have to enter into the picture.
However, polarization may be used to further the advan-
tage gained by using the array.

ST~he array analyzed in this report employs verti-

cally polarized elements. The concept can be extend-
ed to circularly polarized antennas,

to bein order to achieve perfect isolation the element
to be isolated from the array must be placed perfectly
at the null point. But in fact that is not possible,
therefore a sizable portion of this report is devoted
to finding the sensitivity of position error on the
magnitude of isolation. In the next section the theo-
retical formulation of the sensitivity study will be
presented and its' results discussed.

6
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5. THEORETICAL STUDIES

!he basic technique employed in this research is the
moments method. The formula used is the Hallen's integral
Equation. The array configuration analyzed is shown in

Figlive 1. A computer program is written to analyze such
an a ray. In the analysis it is issumned that there are
four elements equally spaced around a circle and a fifth
ee!'ient placed near the center of the circle. The loca-
ticn of the center element is varied to study its effect
of radiation patterns, current distributions, and isolation.
The computer program itself however is quite general. It
can handle array elements placed in any location and they
do not have to be placed on a circle.

The center element is loaded with a fixed resistance.
In the program the value of the resistance can be varied,
but for the purposC of this study and for uniformity of
results in order to facilitate comparisons, the resistance
value is fixed at 100 ohms.

The detailed discussion of the Moments Method, the
formulation of Hallen's Integral can be found in Harringtcn
[1 and Kraus [2]. Assumptions emplcyed in writing the com-
puter program and the program listing are included in Appen-
dix A.

The dipole elements are ass,,med to be half wavelength
long center fed and symmetrica.. The feed points are all
on the same plane. The feed voltages are labeled Vl, V2 to
V5 as shown in Figure I. A unique technique called sequence
function method is employed while calculating the input im-
pecances and the technique is described in Appendix B. The
ovtput of the program shown in Appendix A includes the gen-
eralized admittance matrix, which leads to current distribu-
tions and input impedances of the antennas.

A separate program using a different approach also cal-
culates the current distribution and impedances. The pro-
gram is listed in Appendix C.

A third program which uses the output of the second
program to calculate input impedances and current distribu-

tions along with a fourth program which calculates radia-
tion patterns and phases, as well as plotting th,,n, are also j
included in Appendix C.

A fifth program which uses the current distribution

71
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data to calculate isolation data is appended in Appendix C. 7
A sixth program which scales and superpositions the phase
sequences to obtain final field patterns is also appended
in Appendix C. Theoretical results have been obtained
using the four phase progres mns shown in Table 1. They
are discussed in following sections. It is assumed that
the center element is terminated with a 100 ohm load.

S 1 Current Distributions

After obtaining the generalized admittance ma-
trix, the first information that is measurable is the
current distribution along the length of the dipole
antennas. The case where the array diameter is 0.3
wavelength and the di ole cross-section radius 0.025wavelength is consider'ed first. Figures 2 through 4

show current distributions for four Cifferent phase
sequences. It is seen in Figure 2 that the current
of the center element for the zero degree progression
is very large. That is because all the dipole el,-
ments are in phase and their powers reinforce each
other at the location of the center element. Nowever,
Figure 3 shows the current distribution of the case of
plus and minus 90 degrees. It is seen there that the
center element current distribution is very small and
that is the basis of high isolation when the phased
circular array concept is used. Figure 4 shows the
similar current distribution when the phase progres-
sion is increased to 180 degrees. The current dis-
tribution on the center element is again very small.

Results of other array configurations are shown

in Appendix D.

5.2 Short-Circuited Admittances

Tables 2 through 4 show the short-circuited ad-
inittances of the above-mentioned array. They are pro-
vided as an intermediate step for other calculations.
Namely, input impedance and admittance calculations
and load current calculations.

Results of other array configurations are shown
in Appendix D.

5.3 Input Impedance

9~
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PHASE PROGRESS IONS

00 900 -90 1.800

VM .LMi ILLL

'3ILL 1L2Z 1L2Z 1L

4-

Table 1 VolLage and Phases of Array Elements to Create Various Modes.
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QO PROGRESSION
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IFigure 2 :Current Distrilbvcion for the 00 Phase Progression.
Radius CR) of the Array is 0.3X~, Radius of the
Dipole (A) is 0.02Sj.\, and Position Error is 2%.



279 POSITION ERROR
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REAL.1 IMAINARY

0,004 _______

z

-0001 0~I,5105 (561 0,20 0.25

'4j(122-0.004

12]



2% POSITION ERROR '
1800 PPOGRESSION

0,008REAL
- - IMVAGINARY

0,004 N

/RE(1 IM
0/

-0.0098

Figure 4 :current Distribution for the 1800 Phase Progression.
Radius (R) of the Array is 0.3X, Radius of the
Dipole (A) is 0.025N., and Position Error is 2%.
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A =0.02501
R =0.3000
X5= 0.0015

Y5 0.0000

ERR..R =0.5% '
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y~l =0.74758E-041+jO.4l53SE-02 Y52 =0.73532E-04+jO0430E.02
y53 =0.72276E-O0f+jo.4l070E-02 Y54 = 0.73532E-04+jO.'4130lE--02

y55 = Q.45S48E-03-jO.15182E-02

Zl=0.12'410E+03+jG.91576E+0l Zl2 =-0.50212E+02-jO.33150E+02
Z13 =013'E0+O375+2Z14 =-0.50212E+02-jO.33150E+02

Z15 = O.79162E+0l-jO.53309E+02 Z21 =-0.50212E+02-jO.33150E+02 i
Z22 =0.12'437E+03+j0.93l088E+0l Z23 =-0.'49943+02-jO.33201E+02Z2~ =-0,l5343E+02+j0.38776E+02Z2 753Olj.85E0
Z31 =-O.15344E+02+jO.38775E+02 Z32 =-0.499'43E+02-jO.33201E+02
Z33 = 0.12'164E+03+jO.90S52E+0l Z34 =-0.4l9943E+02-j.33201E+02
Z35 = .68464E+0J.-i0.52459E+02 Z41~ =-0.502l2E+02-j0.33150E+02
Z4+2 =-0.l5343E+02+J0.38776E+02 Z43 =-0.49943E+02-jO.33201E+02 t

Z4=0.l2437E+03+j0.9l089E+0l Z45 =0.73753E+01-jO.52885E+02
Z5,=0.79162E+0l-jO.53309E+02 Z52 = 0.73753E+0l-j0.52885E+02I 7

Z53 =O.68'463E+0l--jO.521 459E+02 Z54 =0.73753E+0l-jO.52885E+02
Z55 =Q.86780E+02+jO.55720E+02

Table~ 7: Short Circuit Admittance (Y's) and Open Circuit
Impedance (7's) of Circular Array Elements and
the Center Liernent. Values Shown Follow the
Order: Real, and Imaginary.
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A =0 .0250
R =0.3000
X5 0.0060
Y5= 0.0000

ERROR =2.0%J

Yl=0.61527E-02+jO.91060E-03 Y12 =0.89628E-03+jO.12488E-02
Y13 =-0.67772E--03-j0.426S2.-03 Y14 0.89628E-03+10.12488E-02

Y5=0.78'434E-0I4+40,12251E-02 Y21 =0.8962BE-03+jO.12488E-02
22=0.31705E-02+j0.l0289E-02 Y23 =0.9i38E-03+jO.13632E-02

Y24 =-0.67805E--03-jO.42529E-03 Y25 =0.73740E-04+jO.111299E-02
y31 =-0.67772-,-03-jO.42652E-03 Y32 =0.91387E-03+jO.13632E-02

33=0.61879E-02+jO.11396E-02 Y34 =0.91387E-03+jO.13632E-02
Y-,s 0.68SlBE-04+iO.40388E-02 Y41 = 0.89628E-03+jO.2488E-C2
Y42 =-0.6780SE-O3-jO.42529E-03 Y43 =0.91387E-O3+j0.13632E-J2/

44=0.6170SE-02+jO.10289E-02 Yi45 =0.73740E-04+jO.4l299E-02
Y1=0.78'433E-0'4+jO. t42251E-02 Y52 =0.73740E-0'4+AD.4l29E-0?

Y53 = .68520F.-04+jO.4038BE-02 Y54 = .73740E-04+j0.4l29-'--:
Y55 =O.45556E-03-j0.l5211E-02

Zi11l 0.l2327E+0324j0.9276+E+0l Z12 =-0.50609E+02--40.33080E+02
Z13 =-0.l5330E+02+j0.38771E+02 Z14 :=-0.50609E+02.-j0.33080E+02

Zs=0.95590E+Ol-jO.S'4543E+02 Z21 =-0.50609E+02-40.33080E+02
Z22 = 0.12'439E+03+jO.91139E+0l Z723 =-0.49S35E+02-jO.33285E+02
Z24 =-0.l5324lE+02+j0.2878lE+02 Z2 5 = 0.73234E+01-iO.52867E+02
Z31 =-0.l5330E+02+jO.38771E+02 Z32 =-0.49535E+02-'jO.33285E+02

Z3=0.12541E+03+jO.88690E+0l Z34 =-0.49535E+02-jO.33285E+02
Z35 = 0.52809E+0l.-j0.Sll4LE+O2 Z41 =-0.50609E+02-jO.33080E+02
Z42 =0.1S324E+02+jO.38781E+02 Z4~3 =-0.49535E+02-j0.3328SE+02
'Z44 =0.3-2439E+03+jO.91139E+01 Z45 =0.73234E+01-'jO.52865E+02
Z51 = 0.95590E+0l-j0.5S'443E+02 Z52 =0.73234E+01-jO.52865E+02
Z53 =0.52809E+Ol-jO.51144E+02 Z54 = 0.73234E+01-jO.52865E+02

Z~s=0.86762E+02+jO.55632E+02

Table 3: Short Circuit Admittancc (Y's) and Open Circuit
Impedance (Z's) of Circular Array Elements and

Order: Real,, and Imaginary.
the entr Eemen. Vlue Shon Fllo th
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A 0..0250
R. 0. 3000

X5= 0.0300 -'

Y5 0.0000

ERROR 10.0%

yll ). 60766E-02+jO. 3914IlE-03 Y12 =0.86030E-03+j0.102S5E--02
Y13 =-0.67189E-03-jO.421S7E-03 =j 0.86030E-03+jO.10255E-02
y15 0.96820E-04+jO.4644E-02 Y21 =0.86030E--03+jO.10255E-02
Y22 = .61686E-02+jO.10635E-02 Y23 =Q.94770E-03+jO.15956E-02

Y24.~~~~~~~ 0~0697-303O20 2  .79073E-04+jO.41244E-02
Y:51 =-0.67189E-03-jO.42157E-03 =3 0.94770,03+jO.15956E-02
Y33 = .62516E-02+jO,15457E-02 Y34 =0.94770E-03+jO.15956E-02
Y3 5 = 0. 48l2lE-.0Lf+j0.37055E-02 Y4~1 =0.86030E-03+jO.10255E-02
Y42 =-..67997E-03-jO.39072E-03 Y43 = 0.914770E-03+jO.15956E-02

44=0.61686E.-02+jO.10635E-02 Y45 0.79073E-0L4+j0.41244E-02

t ~ y~l =0.96819E-0'f+jO.'46448E-02 Y52 =0.79073E-04+jO.41244E-02
Y53 =O.48122E-04+jO.37055E-02 Y5 4~ 0.79073E-04+jO.41244E-02

V5=0.45776E-03-jO.1596SE-02

Z11l 0.11829E+03+jO.90971E+0l Z12 =-0.52565E+02-jO.32794E+02
Z13 =ol9802j.8SE0 Z4 -0.52565E+02-jO.32794E+02

lb =.0.588E+02+jO.38652E+02 Zj0
Zis =0.18976E+02-jO.60223E+02 "21  -. 26E2-j329E0
Z22 =0.12490E+03+jO.92330E+01 Z23 =-0.47305E+02-jO.33921E+02
Z24 =-0.14822E+02+jO.38900E+02 Z25 =0.60056E+0l-jO.52355E+02
Z3-1 =-0.14988E+02+jO.38652E+02 Z32 =-0.47305E+02-jO.33921E+02
Z33 =0.12886E+03+jO.73442E+0l Z34 =-0.'f73O5E+02-jO.33921E+02

Z35 =-O.2l861E+0l-40.43429E+02 Z4 1 =-0.52565E+02-jO.32794E+02 "
Z42 =-0.14822E+02+jO.38900E+02 Z4 3 =-0.47305E+02-jO.33921E+02

Z4= 0.12490E+03+jO.92330E+0l Z4~5 =0.60056E+02-jO.52355E+02
Z51 =0.18976E+02-jO.60223E+02 Z5 2 = O.60056E+0l-jO.52355E+02

Z53 0.2862E+01-j0.43429E+02 =5 O.60056E+02-jO.52355E+02
55 0.86336E+O24+jo.534)19E+02

Table 4: Short Circuit Admittance (Y's) and Open Circuit
impedance (Zs) of Circular Array Elements and the
Center Element. Values Shown Follow the Order:
Real, and Imaginary.
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It is desirable to knou how sensitive the array's
input impedance is to the center element's position.
This gives the information on how the feeding network
must be adjusted to achieve good power transfer.

For the 00 progression, and when array radius is
0.3 wavelength, it is seen in Figure 5 that the real
part of the impedance (resistance) does not change
with position error, and some change in the imaginary
part (reactance) as shown in Figure 6. Ports 1 and 3
are affected, because the center element is displaced
tewards element 1 and away from element 3, whereas the
distance from elements 2 and 4 are practically unchanged.

When the array radius is increased to 0.5 wave-
length, results are shown in Figures 7 and 8. A.esist-
ances of ports I and 3 are seen to change with position
error.

Returning to the case where array radius is 0.3
wavelength, but changing the phase progression to 900,
it was found that all ports of the circular array are
insensitive to positi,:.i error. Results are shown in
Figures 9 and 10. However, it is seen in the figures
that the input impedance of the center element (port 5)
changes drastically with position error, and seems to
approach infinity at zero position error, That means
for a fixed load at that port, impedance mismatch is
greater when the center element is closer to array cen-
ter. In the same manner, isolation between the element
and the array goes up with decreasing error.

5.4 Radiation Pattern

Calculations were made of the circular array where

the center element was loaded with 100 ohms. Results
are plotted in the following figures.

Figures 11 through 13 are for. an array with 0.3
wavelength radius at increasing position errors. It
is seen that pattern minima of the 00, 900, 1800 phase
progressions are -1.2, -3.2 and -codb respectively.
Patterns of 'the +900 and -900 progressions are identi-
cal. With increasing error, pattern distortions are
seen to be within 1 db.

Figures 14 through 16 show radiation patterns of A
the array when array radius is increased to 0.5 wave-
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Figure 5 Magnitude of Input Resistance as a Function of Position

Error for the 0' Progression, 0.3 Wavelength Radius.
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Figure 6 :Magnitude of Input Reactance of Array in Figure 5.
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length. It is seen that lobes are formed at all phase
progressions. As error increases, patterns are dis-
torted in shape. The array with 0.5 wavelength radius
is thus seen unsuitable for omnidirectienal communica-
tions.

Figures 17 and 18 show patterns of the 0.3 wave-
length radius array as in Figures 11 through 13 but
the displacement of the center element i, in the di-
rection between two adjacent array elements (0 = 450)
rather than towards one element (0 = 00). They are
similar to those shown in Figures 11 through 13.

Other patterns including those with a different
dipole radius are included in Appendix D.

5.5 Isolation

Isolation is defined as the ratio of power trans-
ferred to the 100 ohm load to the total power entering
the array.

Power transferred to the 100 ohm load is equal to
the product of the !0 ohm and the square of the feed
point current of the center element. Power entering
the array is the sum of powers entering each array ele-
ment. Each array element is assumed to have a unit
voltage across its feed point. Computer program for
isolation can be found in Appendix A.

Results are shown in Figures 19 and 20. Figure 19
shows isolation as a function of position error. It is
seen that except for the 00 progression, all other three
progressions show increasing isolation with decreasing
error. It approaches infinity asymptot.cally. The re-
sult verifies the trend of input impedance discussed in
section 5.3.

Figure 20 shows the effect of dipole radius on iso-
lation. For the range of radii investigated, isolation
is insensitive to dipole radius.
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Figure 19 Isolation as a Function of Center Element's Position
Error for Various Phase Progression and Array Radii.
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6. EXPERIMENTAL STUDY I

A laboratory setup was assembled using scaled models
of existing FAA antennas and a power dividing and phasing
network. This section is divided to cover antenna and net-
work design, radiation characteristics, isolation, gain,
and other capabilities of the array.

6.1 Antenna and Network Design

An FAA coaxial dipole was used as the basis of
design. The FAA dipole was originally designed for
use at VHF. By keeping the proportion, the dipole
was scaled down in size to L-band, with a center fre-
auency of 1.45 GHz. The mechanical drawing of the
scaled antenna is shown in Figure 21. An exploded
view of the scaled dipole is shown in Figure 22. The
assembled dipoles are shown in Figure 23.

VSWR of dipoles were measured. VSWR plot of the
original VHF dipole is shown in Figure 24, and the
plot of scale models is shown in Figure 25. It is
seen that general shapes of the plots are similar,
with the exception that the VHF dipole has a much
narrower bandwidth but a setter match at center fre-
quenoy. This is because the VHF antenna tested had a
matching network at the feed point. The matching
net-work of the original dipole consists of a single
coil. Because of that matching network, the antenna
as tuned to a single frequency and exhibits a nar-
rower bandwidth characteristic there. Since a per-
fect match is not required to prove the theory of the
circular aray, the matching network was not used for
the scale model.

For ease of controlling phase distribution, a
simple power divider system incorporated with varia-
ble phase shifters was used. The circuit diagram is
shown in Figure 26. The input power is fed in from
the top and is first divided into two equal parts by J
an isolated power divider then further divided into
four parts by two more isolated power dividers. At-
tached to each of -the four arms of the divider is a
trombone line stretcher. After the line stretcher,
the line feeds into an antenna. Figure 27 shows the
picture of such a network.

The accuracy of phase adjustment was within ±50
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and the accuracy of power distribution was within

±1 cdb.
A circular array with a diameter of 0.6 wave-

length was formed using above described elements
and feeding network. The array itself was supportedby rigid dielectric braces. The trombone phase

shifters were adjusted to give a 900 phase progres-
sion. The antenna feed arrangement is depicted in
Figure 28, where element No.1 is fed with unit am-
plitude and 00 phase, element No.2 is fed with unit J
amplitude and 900 phase, element No.3 is fed with
unit amplitude and 1800 phase, and the last one is
fed with 2700 phase. The element locateBd at the
center is the test element which is supposed to be
isolated from the circular array by virtue of the L
array's phase progression. The syatem was then
tested, and results discussed in following sections.

6.2 Radiation Characteristics

The array was tested for three different phase
progressions. Array patterns and center element pat-
terns were plotted as well as other variations. They
are discussed below.

6.2.1 The 900 progression

Radiation patterns of the 900 progression are

shown in Figure 29. The array pattern has a peak to
null variation of ±3.5 db. But part of that varia-
tion was caused by network amplitude unbalance, which
shows up aE a wave in the pattern. If the network is
balanced and the wave is taken out from the pattern,
it will leave only the ripples, and the variation
will be reduced to ±2 db.

Because of the array blockage, the pattern of
the center element is seen to have ripples too. The
pattern is shown in the same figure. But it is seen
that the pattern has less variation than the array
pattern.

When the center element position error is in-
creased from 2% to 10%, it is found that the array
pattern stays practically the same, but the pattern
of the center element has changed in two ways. First
of all the relative amplitude has decreased in some
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spots, and then the pattern is less isotropic. The
patterns are shown in Figure 30. The reason for the
changes is because the array is now coupled to the
center elements closer than before, due to an increased
position error of the center element.

In a reverse manner, the pattern of the center
element will be more isotropic &:,d has a higher gain
if coupling is less. This will be shown to be true in
section 6.2.3.

6.2.2 Other Progressions

The feed network was adjusted for 00 and 1800
phase progressions. Figure 31 shows the result of 00
progression. Because of strong coupling, both the ar-
ray and center element patterns deviate from being iso-
tropic. Figure 32 shows the result of 1800 progression.
The array pattern shows four nulls, as depicted by the
theory.

6.2.3 Elevated Center Element

In order to observe the effect of higher isolation,
the center element was elevated from the array plane by
a quarter wavelength. The isolation of the 900 progres-
sion was found to have improved by 3 db, and radiation
patterns were plotted in Figure 33. An improvement is
seen in the center element pattern as expected and as
explained in section 6.2.1.

6.2.4 Effect of Other Obstacles

In order to study the effect of obstacles, loaded
and short-circuited antennas, and a piece of straight
wire were used in succession to simulate various situa-
tions. Figures 34 through 36 show the radiation pat-
terns of a single coaxial dipole in the neighborhood of
a loaded dipole, a piece of straight wire, and a short-
circuited dipole respectively. Pattern distortion is
seen to become worse. As a comparison, Figure 37 shows
the pattern of a 900 progression array one wavelength
away from a - .ded dipole, measured from the array edge.
Distortion is negligible. The reason is partly because
the spacing is larger, but the other reason could be be-
cause the array itself is 0.6 wavelength in diameter,
thus the effect of the obstacle tends to be distributed
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among array elements, rather than concentrated in one
element.

6.3 Isolation

For the 900 phase progression, a series of iso-
lation data points were taken and mapped onto the array
plane. Using linear extrapolation between points, an
equal-isolation contour plot is generated. Using the
extrapolated null point as the origin and the lines con-
nect-ing it to antenna locations as the axis, displace-
ment away from the null was marked off along the axis.
Isolation values read from -this plot compares closely
with theoretical results, especially the trend of in-
creasing isolation as the position error is decreased.
The plot is shown in Figure 38.

The difference between theory and experiment is
largely due to: -

1. The theory assumes symmetrical dipoles, where-
as the experiment used coaxial dipoles.

2. Net-ork loss is present.
3. The effect of an absorber ground plane which

is placed one wavelength away from the bottom
end of the dipole to minimize the effect of
supporting structures may be present.

6.3.1 Value of High Isolation

A high isolation of 55 db was mecsured for the 900
progression. Higher values can be achieved if mechani-
cal tolerances can be held.

There are two types of isolations that exist. One
is the isolation between the array and the center ele-
ment. The other is the isolation between one array pro-
gression and the other. The first is controlled prima-
rily by position precision. Other factors that do enter
into the consideration are array phase precision and ar-
ray amplitude precision.

Isolation between progressions is determined mainly

by the feed network matrix's isolation. At present the
best estimate of achievable matrix isolation is about
30 db for a transmission-line network and 40 db for a
waveguide network.
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6.3.2 Isolation Betweeh Two Half-Wave Dipoles

In existing FAA facilities, the model of -two di-
poles can adequately depict the isolation between an-
tennas. Figure 39 shows the theoretical plot of dipole
isolation as a function of spacing. It is seen that in
order to get 30 db isolation, the eipoles have to be
spaced 4 wavelengths apart, and to get 55 db isol&tion,
the two dipoles cannot be mounted on the same FAA tower
or similar structures of that size. In contrast to
that, th~e circular array nlee no more rtom than a cir-
cular aperture 0.6 wavelengths in diameter.

6.4 Gain

The circular array gain at 900 progression was
measured. The measurement made use of the insertion
loss technique and Friis transmission formular. The
gain was found to be 0.5 db above an omnidirectional
antenna. This gain value includes the feed network
loss, and the coupling loss to the center element.

6.5 Other Capabilities

Because the array is symetrical about the ver-
tical axis, uniform scanning can be expected if fu-
ture needs require such capability. Beam forming, and
simultaneous beam scanning are all possible.
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7, CONCLUSIONS

it is essential to improve antenna isolation in order
to up-grade present FAA communication systems. The concept
of using progressively phased circular arrays to achieve
high antenna isolation has been investigated theoretically
and experimentally. It is found to be technically feasible.
Isolation as bigh as 55 db was achieved. Pattern distortion
is not severe, as compared to distortions caused by nearby
obstacles in existing systems. Space needed to mount the
system is one order of magnitude less than what is required
at present for the same isolation.

Disadvantages as compared to using single dipoles areround to be that isolation depends on position accuracy.
That problem can be solved by building the array as a mod-

ule. If weather resistance is required, a radome can be
used. Because of the feeding network, the array is lossier.
The network loss is estimatcd to be in the order of 1 db.

Other possible disadvantages are that the array could

cost more than single antennas because of the additional
components in a phased array; and an increase in parts may
also decrease the reliability figure. The higher manufac-
turing cost is there, and is expected because the array can
do more. Lower reliability figure may not be significant
because the array system uses only linear passive components.

On the other hand, other advantages are that the anten-
na system is complete in itself. It can be expanded by ei-
ther going to a larger matrix network [3] or using the modu-
lar construction concept and stack the array up vertically.
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8. RECOMENDATIONS

This initial study has proven the feasibility of the
concept of progressively phased circular array for antenna
isolation. It is one of the few that are applicable to
FAA communications..

It is thus strongly recommended that the study be ex-
tended to investigate the liTitations of matrix feed net-
works, and effects of these limitations. Those limitations
that should be investigated are loss., amplitude balance,
phase precision, and isolation between phase progression
modes.

b V6
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APPENDIX A

GENERALIZED ADMITTANCE MATRIX

This Fortran IV program calculates the generalized
admittance matrix, and associated admittance and imped-
ances.

Plots of the current distributions along dipoles
can be obtained for all phase sequences. Necessary sub-
routines are included.

INPUT DATA:

1H - half height of dipoles (height of monopole).
NN - number of dipoles.
IPP - number of match points.
X(I) - X-coordinates.
Y(I) - Y-coordinates.
A - radius of dipole.
i - index of antenna number.

OUTPUT DATA:

X(I), Y(I) - defined above.
A - radius of dipole.
CS(K;L) - the generalized admittance matrix.
CSSIM(IJ1J) - short-circuited admittances andopen-circuited impedances.

Assumptions are that the elements are thin, center-
fed symmetrical dipoles. Surfa:!e resistance is negligi-
ble. Kernel is approximated. Moment method is used.

Some of the subroutines are the work of staff and
students of University of Mississippi.
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IMPLICIT COMPLEXUC)
COMPLEX CSN(40t40)
COP.PLE:X DETERMCOEF(6ObjCV(64)
COI"PLEX*16 CS(40t40)
COMPLEX CSSIM(1O,1O)
OIMENSICN AIMAGI(24O)
COMM'ON X(5)vY(5),ZAtAKPNI

C A IS RADIUS, FA IS HALF HEIGHT OF CENTER FED DIPOLE,
c IPP IS NUMBEK OF MATCH POINTS, NN IS NUMBER OF DIPOLES,

C V + N ARE FIELD POINTS, M=MATCH PT, N=GIPOLE
I + IP ARE SOIRCE PTS, I=DIPEJLEv IP=BASIS SET.
IF THE END PATCH POINT SERVES AS A SOURCE91T IS ZERO, BECAUSE

r OF THE BOUNDARY CONDITION'WHICH STATES THAT THE CURRENT AT THE
C ENC OF THE AIRE IS ZERO. BUT IF THE END MATCH PT SERVES AS A
C FIELD POINTt SINCE IT IS NUST A LOCATICN FOR COLLECTION OF MAG.
C VECTOR POTENTIAL, IT IS NOT NECESSARILU ZERO.

EXTFRNAL CKS
MT 1=25
AK=6.28!31853

C READ-IN EH ,NNi IPP.
READ(5,210)EHNNIPP

210 FORMAT(F5.3,212)
NNLI=NN-l
ANN~LI=NNL1
ANNN=NN

MLNN=MT-NN I
c READ IN COCROINATES CF DIPOLES.

READ(5,7) CX(I) ,YC 1),1=1,5)
7 FORM~AT(2F8.4)

C READ IN RADIUS OF ARRAY :
READ(5,2)A

2 FORVAT(F8,6)
C rRITE OuT CCOR1GINATES OF DIPOLE.] RI IE(6,5)

AI 5 FORMATCIOX,'CCORDINATES OF DIPOLE')
GO 9 1=1 9 NN

9 WRITEC6,.) I ,X( 1)11 YCI
4t ORMAT(5X ,'X' ,11 =' ,F1O.4,5X, 'Y',I1,'=',FlO.4)

I WRITE(6,3)A
I ORmAHi5X,'iAPLUS IS=' ,F9*6)

ANN jPP
UZ=EH/A.NN

j I NI TIALIZE CSU(',N)

A-- 2
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CO~ 400 "=11.%T

CZO 400 '%z1,YT
400 CSU(,vJ)=Cl4PLX(0.,0.)

c LALCULATF 1'ATRIX %LEYM BEGIN WITH THE FIRST HALF SECTION*

LU 101 N=vh
IP=1.

42 
6O

ZNPI=DZ/2.
DJO 104 t'=1,MM

Z=(AM-1. )*DZ
of) 105 I=I,NN
L=IP+(I-1)*IPP

CALL CAE0F(CKSvZNtZNPlIiETERM)
CS(JPL)=DETERP

105 CUNT I -NUiz

C104 CONTINUE

C. ALCLAfE FULL MA~TCH SECTION--MATRIX ELEM.9 WHER' TI AE0
C

VOI 101 IP=2,IPP
I AP=EP

ZN=D Z A1)- 1. 5)
ZNJP =LN+DZ
DO 103 V='1,!'M

LzCA+f1.)*IPP

CALL CwEDFCCKStZN,LNPI, IIDETERM)
C S ( J,L)V =E T LR P

102 CONrTI NU E
103 C.ONT INUE
101 CONTINUE

C
C CALCL'LAfE 1ERtPS f~uE TC COSINES (EVEN SYMMETRY).

00J 200 .=l,P'M

LM= (AM-1 I *LL
00 200 N=lNN
NINX=M+(N-1 )*VIM

,S=COS(AK*ZP~)/30.

20C CS(NINDXvNN*IPP+N)=CPPLX(0. ,RS)A-

' A -~
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c 1.'VRT -*ArRIX

CALL C0MIN1(VTCS,'409CDETM)

V - V.ITE(6,989)COETM

Vl0 205 K=ltYT1
DO0 205 L=1,MT

205 CSN(KfL)=CS(KL)

H I F0RMAT(5(2XqE12.6))
1005 FrjRMAT(20A4)

C CALCULATE '-EDRIVING COLUFN 1'ATRIX FOR THE FIRST ELEM.
C

DO 300 M=1,t'M

Z=AM-1. ) 'OZ
RV=-SIN(AK*Z )/bO.

303 CV(M)=CMPLX(0.,RV)
C
c CALCULArE SHCRT CIRCUIT ADITTTANCES
C

110 701 KJ=1,N\
JKKJ*MP~-MV
D0 701 1J41,NN
J=( IJ-1)*IPP+1
COEF(CJ )=CMPLX( C.90.)
GO 700 L=1,'M
CHAN~GF=CSIJvJK+L)

700 COFFCJ)=CGEFCJ)4CHiANGE *CVCL)
701 CSSIM(lJtKJ)=CCEF(J)

wRITE(6,921)(CIJ,KJCSSIPCIJ,KJ),KJ=1,NN),IJ=1,NN)

C CALCULA1E OPEN CIUCUIT IMPEDANCES

"1RITE (6099l)OFrERM
WRcITEC6,92C)( (IJ,KJ,CSSIM(IJKJ),KJ=1,NN),IJ=1,NN)

q20 FORMAT(4(' L',21191 =',2EI2.5)
921 FORMAr(wt( Y1,211,' =1,2E12.5))

C
c ELIN PI-ASE SEQUEN'CES.

C JJ=1 FOR 0,2 FOR 9003 FOR 18094 FOR 270.
DO0 500 JJ~ltNNL1

c L1KIVING MATRIX FOR SUBSEQUENT ELEMENTS.
C

A-4
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60O 301 m1,PM
C
C DRIVING ELEMS OF CENTER ANTENNA IS THE SAME AS ANT =1,
C

CV(NNL1*MM+r kCV(M11
00 301 N=2vNNLl

A'41 i1'L1
ANGLE=AK/A%%L 1*AJJ*ANL.

301 CV(NLP1MI?)=CVU.P)*CEXP(C1MPLX(O.,ANGLE))
NCEAT=-%NL1~Ipp+1
C~ct I)=CPPLX(0. ,O.)
CGEF(NCENT)=C2FF(l)

C I '

C FEhO PCINT I AT ELEM. =1 THE CENTER ELEM. HAVE NO CRIVE FROM CENT.

fif) 331 L=1,t'TLt'M
CHANGE=CS(1,L) *VL

CO*CV(LF))+HAG *C(L

wRITE (6, 910 )CCEF( 1)gAMPLI
AMPLI=CAiRS(COEF(NCENT))
A'~TE(6,911)CCEF(.NrENT),AMPLI
rZ L2=CUEF(NCEN T)
V~TI=MT L 1"M ~
C0FF(NCFNT)=CP'PLX(O.,O.)

C FEEP PT. I AT THE CENTER ELEMENT WITH NO DRIVE FROM CIRC. ARRAY.
C

r)(, 332 L=VT1,P'T
33? COEF (NCLNT )=CCEF(NCENT)+CS(NCENTL)*CV(L)

YL=.Ol
CV?=-CZ12/((A*I)EF (NCENT)+YL)
AmPLI-zC,~3S(COF(NCE&%T))
iRlTE(o,912)CCEF(NCENT),AMPLI

WRt TE (6,913)CV2vAtAPLI ,YL
0O 333 L=MTllt'T

331 LV(L)=CV(L CV 2

C CALCULATE CCFFFICIENTS
r

00O 320 JZI,YLN%
CnEF(J)=CP~PLX(0. .0. "

A-S
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DO 321 L=1,PT
CH&'IGF=CS(J,L)

321 COEF(J)=CGEF(J)+CHANrE *C'J(L)
AMiAGI (J)=CABS(CJFF(J))
4MAGIt MALNN+J.)= REAL(COEF(J))

32C wRITE(6,999)CCEF(J) ,AMAGI(J)I
LETERr'=cnEF(IIPLI+1)/CEXP(CMPLX(0.,ANGLE))
AlPLI=CABS(DETERM)
wRITE(6,904) I CFTERMIAMPLI
OETERM=CMPLX(1.,0.)/DETERM

600 wRITH(6,9O3)ICETER',AMPLI
500 C41.L RPLOT(AMAGIAMLNN,1.,1.,JJJ)
900 F-OP.!AT(' I= '103, CS(t ,,213tl) ,2E1.3)

902 FORMAT(' IPLN,ZNPIIIN,= ',1392El1.39214)
903 FORMAW( Z(1,129') =6,3E14.8)
904 FORMAT( Y('t12,' ) ='t3E1.4.8)
910 FORMA T('I Yll ='10E14.8,1 MAGNITUDE =§,El4o8)
911 FORMAT( Y12 =',2E14.8,' MAGNITUJE =IiE1.498)
912 FORMAT( Y22 ='t2EI4.8t' MAGNITUDE =19E14.8)
913 FORM'AT(' V =',3P14.89' Y LOAD =',E14.8)
9ds9 FORmAT(t4bH INVERTtED VATRIX WHCSE NORMALIZED DETERIMUJANT 92D16,6)
90 FORMATCIODII.3)

991 FORMAT(46H INVERTE) MATRIX wnHCSE NORMALIZED DETERPHNANT ,2E16.6)

999 FORPAT(3E16.6)

CALL EXIT

C0PPLX FUf'CTICN CKSH7P)
COMMON X(5),Y(5),ZA,AKNi
PR=A**2+(X( I)-X(N) )**2+(Y(lI)-Y N) )**2
R1=SQRT(RR+(L+ZP)'*2)
R?=SORT(RR+CL-ZP)**2)
RK=COS(AK*RU)/RI+COS(AK*R2)/R25-
AIK=-SIN(AK*R1 )/R1-SIN(AK*R2)/R2
CKS=CMPLX IRK, A K)
RET UP "J
END
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";UBROUTINE CvqEDF (CFXL,XUNX,CANS) CWEDF01

L CWEOF IS A SUBROUTINE OHICH WILL NUMERICALLY INTEGRATE A USER
SUPPLIED FUNCTION BETWEEN SPECIFIED LIMITS. (SINGLE PRECISION)

CF - NAPE OF FUNCTIC. SUBPRCGRAP. MUST BE LISTED IN AN *
r EXTFRNAL STATEMENTo
r. XL - LO ,ER LIVIT OF INTEGRATION
c Xu - UPPER LIMIT OF INTEGRATION
r NX - APPRrxIPATE NUMBER OF NODES AT toHICH TO EVALUATE FUNCT ION

C CA4S - RESULT OF INTEGRATION

PREPARED BY MICHAEL G. HARRISON E.E. DEPT JUNE 22t 1972 *
C

IMPLICII CCPPLEX*8 (C) CWEDF002
.FAL*d OXDX,XX CWEDFO03
REAL*4 C6(6)/82.,216.,27.,272.127.1216./ CWEPIFO04

IF(NX.LL.G) GC TO 900 CWEDFO05
N=((.X+4)/6)*6+1 CWEDFOO6
ijX=(XU-XL)/FLCAT(N-1) CWEDFO07
•OXCX=OdLE(OX) CWEOF0O08
NwIX=N/6 CWEDFO09
X=XL CWEDF01C
CANS=-CF(X)*41.O CWEOFOIo~n 80C MX=I,NWIX CWEDF012
Vo 700 KX=1,6 CWEDF013

CANS=CANS+CW(KX)*CF(W) CWEDFO4
XX=OBLE(X) CWEDF015
X=SNGLIXX+CXDX) CWEDFO16

700 CnNTINUE CWEDFOI7
600 C0-TiNUE CWEDFO18

CANS=(CANS441.O*CF(X))*LX/140.O CWEDF019
RETURN CWEDF02O

900 wPITE(6,90) N CWEDF021
901 FURMAT('OERROR IN CALLING PARAMETER ***** N = 0,159' *****'//) CWEDFO22

RETIRN CWEDF023
EN CWEDF024

SUBR{&UTINE RPLCT
C

S Puk JOSE

C PLOT SEVE(AL DEPLNDENT VARIABLES AGAINST ONE INDEPENDENT
C VARIABLE

USAGE
C CALL RPLLT (A,NCNR?,XlXIINO)
C-
C tbtSCRIPTIflN OF PARAPETERS

A - THF ARRAY TC BE PLOTTED. EACH COLUMN CONTAINS A
VARIABLE To BE PLOTTED

NC - THE NSaiv-BER CF COI.UMNS IN A
NR - THE NUPHLR CF ROWS IN A

A-7
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X L - THE FIR ST VALUE OF THE tN~SOfiVARIABLE
C ~ -INCREPENT CF THE INDEPENDENT VARIASLE

INC - C1FART c9UMBER (3DIGITS MkIMUP)

C REDPARKS

C

c SUPROU[INES AND FUNCTICN SUI3PROGRAYS REQIAIPEC

SUBROUTINE RPLCT(A7 NCtNRtXXIXIINO)

REAL MINI,tAX,A(l)
INTEGER lR(I2) ,LlNE(1hBLK
XI=XXI

I. I-ORYAT(18H1 CHART NUMPBER ,I3,/,1HOElr,6,7lX)El5., ,13X,7HX VALU

FnikYAT(114 lIOlAi,8X#&15.6)
IFORFAT(LHC3,dOXv16,15H POINTS PLOTTED)

r

C 1[41IALIZ VARIAB8LES

19(c1)=2'v*3i)+2**27+2**25+2**24 PLOT '
IJ (2) =2,4*3+2**29+2**27+2**25+2**24 PLOT '
IPC 3)=2**3C+2**27+2**26+2**25 PLOT
Iii(4)=2**30+2**28+2**27+2**26 PLOT *

11(5) =2**3C+2**27+2**25+2**24 PLOT ILI
[R(6)=2**30,2**29+2**27+2**252**24 PLOT '21
TI (7 )=2**30+2**27+2**26+2**?5 PLOT t3
1.J8)=2**3O.2**28+2**27+2**26 PLOT '41

[H (9) =2**3C+2**27+2**25+2**24 PLOT '5'
1;Z410)=2**3U+2**2SI+?**27+2**25+2**24 PLOT '6'

IR( 11)=2*'m3C+2**27+2**26+2**25 PLOT '7'
IR(12)=2**3O.2**?b+2**27+2**26 PLOT '8'

[:0 4 1=1,101
LlhE(I)=BL:(

4 CONTINULE

C LOCATE P~IN AINC V~AX VALUES

MIN=A(1)
MAX=A(1)

C
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IF(A(1-IMINI 5,6,6

6 CONTINUE

7 PAX=A(I)

a CONTINUE
C
C FOR SINGLE VALL.EC ARRAY SET LIMITS
C

IF PAX(1) 99.O

10 CONTINUE
c

hRITE (6,1) INC7MINMAX
C

C HLGIN PLOT LOCPCI
fl0 15 I=1,.%R
D0 14 K=1,NC
IF(K-1) 11,11,12

11 KSA=I
GO TO 13

12 KSA=KSA+NR
113 CONTIN4UE

KPNT=(A(KSA)-MIN)/(MAX-MIN)*100.O+1.5
LINE CKPNT)=IRCK)

14 CON T INUE
',RITE(b,2) LINEX1
XI=X1+XI
D)O 15 L=1,101
LINE(L)=BLK

15 CONTINuE

C

kEi TULRN o

SUPROUr INE CMINl (NtA,lqDIM,,ETERM) IMN1001O
C
C C-VINI IS A SUBKOUTINE WHICH WILL ACCEPT A SINGLE PRECISION COMPLEX
c YATr0X AND) REIURN THE INVERSE OF TH~E MATRIX IN ITS PLACE. THE M,

C. SUBROUTINE hILL ALSO COPPUTE THE N4ORMALIZED CETERI'INANT OF THE MATRIX.*
4 .THh ORDER OF TH4E MATRIX TO BE INVERTED

C A - COVPLEX COUBLE PRECISION INPUT MATRIX (DESTROYED)*
C I'HE INVERSE OF A IS RETURNED IN ITS PLACE.
C k~cip - rHE SIZE TO WHICH A IS CIMENSIONEC IN THE CALLING PROGRAM*
C lECERM "tE NORMALIZED DETERMINANT WHICH IS CALCULATED BY THE



r DETERP - THE NORI4ALIZED DETERMINANT OF A WHICH 1S RETURNED
C PREPARED BY MICHAEL G. HARRISON EE. DEPT JUNE 23, 1972 *
C *

COMPLEX A(NVi1tNOIM)tPIVOT(1OO)tAMAXtTSWAPDETERNtU CMNIC020
INTEGER*4 iPIvCT(1O0)sINDEX(lOOt2*. CON10030
REAL TEMPIALPHA(l00) CMN10040

CMNO050
C INITIALIZATION CMN1O060
C CMN10070

DETERM = CVPLX(l.0tOO} CMN1OO8G
130 20 J=l,% CMN1OO90
ALPHA(J)=O.CDC CMNI0100
00 10 1=lN CMN1OllO

10 ALPHA(J)=4LPHA(J)+A(J,I)* CONJG(A(JtI)) CMN1OI20
ALPHA(J)= SCRT(ALPHAJ)) CMNI0130

20 IPIVCTtJ)=O CMNIO14O
V-3 600 I=1,N CMN1OI50

C CMN10160
C SEARCH FOR PIVCT ELEVENT CNN1017O

C CMN1OI0
AMAX=CVPLX(C.C,O.0) CMN1G19O
n0 .05 j=jI, CMN1O200
IF (IPIVOT(J)-I) 60, lC5, 60 CMN10210

60 00 100 K=1tN CMN10220
IF (IPIVOT00)-1) 809 100t 740 CMN10230

80 TEPP=AMAX* CONJG{AMAX)-A(J,K)* CONJG(A{JK)) CFN10240
IF(TEMP)85,85,100 CMNI0250

85 IRG0=J CMN10260
ICOLUM=K CMN10270
AMAX=A(J,K) CMN10280

100 CONTINUE CMNI0290
105 CONTINUE CMNI0300

IPIVOT(ICOLUM)=IPIVCT(ICOLUM)+l CMN10310
C CMN10320

C INTERCHANGE RChS TO PUT PIVOT ELEMENT CN DIAGONAL CMN10330
C CMN10340

IF (IROi-ICCLUP) 140, 260, 140 CMN10350
140 DETERM=-DETERP CMN10360

DO 200 L:IN CMN10370
SWAP=A(IROW,L) CMN10380
A(IRO.,L)=A(ICCLOML) CMNI0390

200 A(ICOLUVL)=ShAP CMNI0400
SWAP=ALPHA(IR0 ? CMN10410
ALPHA(IgOW)=Al.PHA(ICCLUM) CMN10420
ALPHAIICOLLM)=SWAP CMN10430

2b0 INDEX( IL)1$vC CMN1044O
INCEX(I,2)=ICCLUM CMNI0450
PIVOT(I)=A!ICCLUtICCLUM) CMNI0460
U = PIVCTII) CMNI047O

A-10

AA



L.TERP=ZT-RI*/kLPHA ( COLU4) Cmh 1C-143
1~P=P~0T1)*CONJG(?!VCT(I)) C'NCC

h (Ttl4P)330,t720t330 CM10 5 1

t~IVito5 i'IvCT RC!4 BY PIVOT ELEM'ENT C~C3

330 A(ICOLUIICCLijP) =CIPLX(1#oQ,0) CMN1055C

350 AIICGLLP',L) AIICCLLM',L)/f,

r &DLLE ua~N-pivrT icuWS -. C MN1063 ,
C C' c
381) iD 550 L1=,N M o,

LF(LI-ICOLLY') 400, 550, 400 Ci-41063.,
40C r=A(LIICCLUM) CmNi064.-

fr(.1,lCOLt6H)= CM4PLX(O.O,O.0) CFN1~.:
CC 450 L=l,N Mh:6
t. = A(ICULUP,L) CPS10670

450 AILIL) = A(L1,L)-u*T CMN106130
55C C-..TFUIc CmNiO69a

600 CONTINUE~ Cl4N 17CC.*1C CMN10730
620 1) 710 1=1,& CMNIC740

!F (IlLEXILt1)-U4DEX(L,2)) 6301 7109 630 CMN10760
630 JRi=NE(r)CMN10770

JCCLUVM=INDFX(L,2) CMN10780
'-0 705 K=1,K CN179

A P A IK t R CCHN 10800
t (KtJRt>4)=A(K,JCOLU") CIAN OIO

A(KvJLi3L6P)=S%.AP CMNO~'2O
105 CCT I NUE CHNtO63C
710 CONTINLE C MN 0O8-1C

RE TUR~N CmKiGS5O
720 WR~J(6,73C) CMtv.O860
730 FORFAT(2W-' M&T'UX IS SINGULAR) CMN10870
740 AFTURN CM141086c

E % rCPMNiO890
St'cketuT1NE COVINI (N,ANDIM,OETERM) CDMIO01O

C .aI1IS A SUBRCLJTINE WHICH WILL ACCEPT A DOUBLE PRECISION COMPLEX
"ATRIA( ANUd RETURN. THE INVERSE OF TqE MATRIX IN ITS PLACE. THE

"RtuTIN.E V.LLL ALSC COMPUTE THE NnRMALIZED DETERMINANT OF THE MATRIX.0
THE CRDfER OF THE MATRIX TO BE INVERTED

c COMPLEX DGUBLE PRECISION~ INPUT MATR!X (DESTROYED)



THkt INVERSEW0 A IS RETURNED IN ITS PLACE.
L NCI" -THE SIZE TO wHICH A !S CIMENSIONEC IN THE CALLING PROGRAM

C OkiLR' --THE NORM'ALIZED DETERMINANT OF A WHIIICH IS RETURNED
C P~EPA~ BY MICHAEL G. HARRISON EE. DEPT JUE2,17

C
CGP'Pi.EX416 A(NCIP,NDiH),PIVOT(100),AHAXT,SWAPCETERMU COM10020
COP,'LEX*16 CCVPLX,OCOI4JGiCOINV,COXXXX COMIC030
INTEGER*4 IPIVCT(100),JNDEX(100,2) CD1410040
KEAL'$8 AIPHAI 100) ,TEAP CDM10050

C CDMLOO6O
C IaITIALIZATION CDM10070
C CDMI0080

cETERM = OCPPLX(l.C+0tO.D+O) CDMI0090
00 20 J=lN ComiolOP
ALPHA(J)=G.CO0 CmoMlOlo
DO 10 1=11K CDM10120

10 ALPIA(J)=ALPHA(J)+ ,Il)*DCDNJG(AiJ,I)) COM10130
>1 LPHA(J)=DSCRT(ALPHA(J)) COfR10140

20 IPIVOT(J)=0 CDMIOISO
00D 600 I=ltN COM1016O

SEARCH FOR PIVCT ELEF'ENT CDM10180
C CDMIOL';0

6AFA = CMPLXi0.DO*C.D.0) COM10200

80 TFEP=APAX*OCONJG(Al'X)-ACJ,K)*DCONJG(A(J,K)) COM10250
JF(TEAP)85t85,100 CDMI0260

8"IRCihJ CDM10270
ICCLuP=K CM08
AMAX=A(JtK) CDMI0290

10C CONT INUE CDM10300V
105 CONTINUE COM10310

IPIVOT(ICCLLv)=lPIVCT(ICCLU'i+l CDts10320
C INTERCh-ANGE RCVS TC PUT PIVOT ELEMENT CN DIAGONA COM10340

C CDM10 350
IF (IRG-6-ICCLLF) 140, 260, 140 COM10360

qCDETERM=-CETERP CM07
DOQ 200 L=,N CM08
SWA PzA ( I(C6~, L) C DPI'0390
ARiwL,=A(lCCLUWrL) CDMI04CO

200 A(ICOL,~.'L)=SWAP CDM10410
S4AP=ALPHA( IROt%) CDM 10420
ALPPHAUR0CoALPllAUCCLUM:) CD1410430
ALPHA CICGLLP ) SWAP C DM10440

260 INDEX(191)=IRC~s CDMI0450
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ICtX(I )--I aLu, up CU CD01460

DFTERY z ETERM*6 coul.490

IFCFE1MP)330r72O#330 30'520 )

?icrI CZYLC0%0

c IMLE ~iPIVCT RC YPVTS LMN C.WPIQ64

tj r ,iv~rmCOM 1060

380 Oi !5C Ll=lt% COM106lu
IF(Ll-ICOLL') 400, 550, 400

400 T=A(L1lCOLLM)LJ
AC(Li, ICGLUP)=CCY'PLX(0.D+0,0.0+0) COM I cobc
fin 45i0 L1,h C04106 M~
U = AUILOLUV,L) UJA Cie;

450 A(LI,L) fa[LIL)-L*T CI
550 CONTINUE 01.f

600 CONTINUt IMliI14
c CO0,, Iiij
C I.NTERC-iINGE COLUM'NS

620 ('0 710 1=1t,

630 INO~1EX(Lt1) INDEX(L,2)) 630, 710t 630 COWA INa

f) 70S K=10Nmft4
SWAP=A(K,JRCd) 40..
k(K,,J kCA) =A (K ,JC GLUM
A(K,JCC0LUM)=SWAP loI~ 1

705 CONTINLE r i lo
71C CONTI'4uEJI fi

(20 *wRITE(6,730) 1
730 FORMAT(20H "'ATRIX IS SINGULAR) iIl
740 kbTUR-% ~ ~gi

COPPLLX FLNCTIC% Ci3XXXX*16(A) P,. I
COIAPLEX*1'6 ADCCMPLX CW.j
REAL*h1 AR,AI ,ARINV,AIINVUABS ICwt &'

I V A-13
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A .G+, _ C0 . COMI0950
[FIDA(BSIAR) .LE. I.D-30)AR=O*C+O COM10960
IF(OASS(AII), .!.E* t,0-30)AI=O.C+0 CDM10970
AkINV=AR/ (AR*AR+AI*AI) C60 10980
AIINV=-AJ/(AR*AR4AI*Al) C D~i0990
COXXXX=DCFPLX(ARINVA1 TNV) COM1iooo

E -4,L CDO11020

AcI
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4 APPENDIX B

MOMENT METHOD DATA R~EDUCTION BY

SEQUENCE FUNCTIONS
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ABSTRACT

SThe generalized admittance matrix of wire antennas

obtained by applying the moment method is usually large,
and cumbersome to handle. In order to facilitate

. repeated calculations to find field and circuit quantities :

from the matrix, sequence functions are used. The approach
avoids the necessity to store the entire admittance matrix. and also reduces subsequent computing efforts. It o

- - supplies current distributions and field patterns of
each sequence as an intermediate step, and thus provides: otherwise unobtainable insight into the perfrmance of an

antenna system, especially that of a conformal array.

B-2
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MOMENT METHOD DATA REDUCTION
BY SEQUENCE FUNCTIONS*

Bing Chiang, Howard University, Washington, D.C.

In applying the morent method for solutions of wire
antennas, the labor is in calculating the impedance
matrix, and in matrix inversion to obtain the admittance
matrix. Matrices encountered in this solution method
are generally very large. To calculate field and
circuit quantities directly from these matrices is an
equally laborious task due to sheer bulk of data. In
order to reduce data handling, the approach of using
generalized sequence functions is suggested.

SequencQ functions have been used by King, Mack and
Sandler1 I) to analyse symmetrical circular arrays.
However, antennas and arrays often have arbitrary
shapes and sizes and are often unsymmetrical;therefore, a generalized sequence function theory is ,

needed. The theory, developed below, is valid
wherever super-position hulds.

Current distribution n wire antennas are shown in
the moment method as 2

[In] = [Ynm] [Vm]itnemrx,(

where, I is the current distribution along the antenna,Y is the generalized admittance matrix, .

V is the generalized voltage,
n is the i,;dex of the basis set which goes from

1 to N,
and lastly,

m is the index of the testing set which goes
from 1 to N.

The size of the generalized admittance matrix is thusNxNI, where N< M.

If there are P ports in the antenna system, then the
matrix size can be shown to reduce to NxP when sequence
function is used. The saving is thus M/P fold.

Formulation of the sequence function is based on that
any applied voltage Vp in a set of P voltages can be
specified by a linear combination of P sequence
voltages:

P'1

Vp =A (m  exp [j2fl(p-1)m/P] (2)
m = 0

where A(m) is the complex coefficient of the mth
B-3



sequence. Shelton-Butler matrix [33 is the parallel
physical system that performs sequence generation and
summation as shown in equation (2). An array fed by
such a matrix is shown in Figure 1. In this figure,
only the H/2 sequence is excited, so that the
progressive phase going from port to port can be
illustrated clearly. The random orientation of antennas
and location of antenna ports depict the general
applicability of the theory. When all matrix input
ports are excited simultaneously, the voltage at the
antenna port is thus the vp shown in equation (2). Any
set of Vp can be completely specified by a set of A(m).

Using the moment method, current distrAbutions on
antennas can be calculated from the generalized "

admittance matrix. Once the current distribution for
each voltage sequence is calculated, the response of
any arbitrary set of voltages v can be found by
scaling and superpositioning . Rnd because vp can be
synthesized by scaling and superpositioning, it is
obvious then, the only information worthy of storage is
the current distributions caused by a set of normalized
sequence voltages. There are N data points for each set
of distributions, and there are P sequences. Total data
points are thus equal to N x P, which is a reduction
from N x M.

In applying .sequence voltages, data stored are not
necessarily limited to current distributions. If one
so wishes, he may store the complex field pattern for
each mode instead, and obtain the desired field pattern
by again scaling and superpositioning.

As an example, a circular array of dipoles as shown in
Figure 2 with an array radius of 0.3 wavelength, and a

~passive element near the center was analyzed. For
simplicity of anaiysis all elements were made equal.

Tnhey have a wire diameter of 0.025 wavelength. The
passive element was displaced from the array center
by .03 wavelength, and was loa~ed by a 100 ohm
resistor. Each half of a dipole was divided into 5
pulses, with end-sections having half the width.

Field and phase patterns of each sequence were calcu-
lated. They are plotted in Figure 3. Let it be
assumed that the desired feed voltages are those shown
in Table 1. Since the sequences form an orthogonal set,
the desired sequence voltages can be found, and are
listed in Table 2. The resultant pattern is obtained
by scaling and superpositioning the patterns shown in
Iigure 3 and is plotted in Figure 4.

B- 4
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APPENDIX C

MISCELANEOUS COMPUTER PROGRAMS

INPUT DATA:

IPP - number of match points.
NJM - number of dipoles.
EH - half height of dipoles.
CS(I,J,K) - inverted short-circuited matrix.
T - row indexing.

- column indexing.
K - real or imaginary indexing.
X(L) - value along the X-coordinate.
Y(L) - value along the Y-coordinate.L - dipole number indexing. :

RAD - radius of dipoles,
PERRX - percentage e rror displacement in X(5).
PERRY - percentage error displacement in Y(5). .

OUTPUT DATA:

X(L) - X-coordinate of dipoles. mti
Y(L) - Y-coordinate of dipoles.RAD -radius of dipole.

PERRX - percenage error displacement in X(5).
PERRY - percentage error displacement in Y(5).CSS!M(IJ,1JN) - short-circuited admittance matrix,.v
i - row indexing.

KJ - column indexing.
N - real and imaginary indexing.
VL(I,K) - phase voltage of center louded dipole.
I row indexing .K - column indexing.
TCOEF(I,N,K) - total current dist ribution, where I ;

is row indexing, N is column indexing,
and K is real or imaginary indexing.

AMPLI(IN) -amplitude of current with the same
indexing as TCOEF .

TCOEF - is also punched on cards.

'U
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-ac~ e coWj

C IRC;RAV T(: CtLCULATE SHORT CIRCUIT ADMITTANCE
AtC PHASE VOLTAGE CF CENTER LOADED DIPOLE

C ANC~ TO1TAL CURaRENT GISTRIBUTICN OF ARRAY*
DIVENjSION Y(51,5) ,DIV(2) ,YCOEF(51 2) ,VL(5,2)
DIMIENSION TRM(5) ,YTRt'(5) ,P(1,2)
DIMENSION ANG2C5),ANG3(5),ANG4(5),E(4,5,,2)
DIMENSION CS(25,30,2),CV( 1O),COEF(1O,1O,2),CSSIP{1O,1O,2)
D)IMENSION CI(5*4,2)iCCOEF(5,4,2)
DIMENSIONi TCI(3O,4,2),TCOEF(25v4s2)
DIVE~NSION AV(2)
DIMENSION AMPLI(25t4)
DIMENSION X(5)tY1(5)

C
Ipp=5

AK=b.28'31853

DZ=EH/ANN
IN=2
I OLT=5

C EAD IN INVER.TED MATRIXI REACC2,1Ol)(((CS(IJtK),K=1,2),J=.,30),I=1,25)
101 FORM'AT(20A4)

D.O 102 1=1,25
"I0 102 J=1,30
0 1 102 K=1,2 '

102 CS(I,JK)=A4CVT(CS(I,JtK))

C R~EAD IN COORDINATES CF DIPOLES
READ (2, 250 )(XUl) , Y1(HI) = NN)

250 FORV4T(2Fo.4)
C PRINT1 CUORDINATES CF DIPOLES

4RITE(5,254)

254 F0RM4AT(lHI,6X,*COCRDINATES OF DIPOLES')

255w~lT25$'.) I ,=1),I Y1(I

C REAI0 IN RACIUS OF DIPOLE

259 FrRt'AT(F6.4)
WR I TF (5 #,26,0) R A

200 rFRtAT(,'RAClUS OP DIPOLE IS'tF7.4) I p

257 ~F(RmAT(2;:7 4 )
ITE (5, 258 )PERk~, PERRY

25b FORMAT(5XvsPtRCENTAGE ERROR DISPLACEMENT IN X5 AND Y51,/15X,IX5='

C- 2



c~ URIVING COLU'MN:M41RIX f
D00 111N'

J=(AM-)*P+

COEFSI(JK,7 '=0.
00 700 L1.,M

00 701 KJ=,N

00 01JK, )j=CCF(JKJK)CAG*V

90~ 702 K=1,2

GO H)701 =IM

20 CSSIM(J,KJ)CEF(JKJ,K)CHN*VL
701 CONTINU&

IF(5)2,11.1)

Ill. FfRiAT(lH1,6X,#SlHURT CIRCUIT ADMITTANCE')WP.IIOUT,921)(((CSSI'(IJ,KJ,N)tN=l2),KJ=1,5),1J=195)
9)21 F0PVAT( 5XtE13.fA,tX,E13.6)

ANG1=0. )
' AD=3. 141593/130.
f- EG =A~q'' "*RAf'

C CALCULATE DRIVING VCLTAGE FOR 00' PHASE

Li, 10o K~t-
1105 J=1,4

3 E( I,JK)=CCS(CFG)
(G0 T u

5 I J,K) =SIh\LEI;)
105 CONTLNuiI 100 CONTINUE~

VNC CALcLULArU: ORIVP'JG VOLTAGE FOR '+90' PHASE

0)0 110 ',4=90,360,00I
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THETA=N-90K
DEG=THETA*RAD
ANG2( IN)=OEG

1.10 CONTINUE

I=2

00 115 K=192[

E I ,JK)=COS(Al,
GO TO 120

B=ANG2(J)t

120 CONTINUE
115 CONTINUE

C CALCULATE DRIVING VOLTAGE FOR '-901 PHASE4
I N= 0
00 125 N=90,36000
IN=IN+I
THE TA=90-N
DEG=TIHE TA*RAD
ANG3( IN)=DEG

125 CONTINUE I
I=3
DO 130 K=1,2
on 135 J=114

13 A=ANG3(J)
E( I,JtK)=COS(A)
GO TO 135

11 fSzANG3(J)
E I ,JK)=SIN(B)

135 CONTINUE
130 CONTINUE

c CALCULATE DRIVING VOLTAGE FOR '180' PHASE
IN=O
DO 140 NTI1,2
DC 145 N=18003609180
IN=IN+1
THE TA=.N-180
DE G=T HbT A *R A
ANGAC INh=DEG

145 CONTINUE

1.40 CONTINUE

1 =4

DO 155 J=l,4

IF (K-I) 15,17, 15I



E IJvK)=C0S(A)
GO TO 155

15 B=ANG4(J)I
1 5 5 C O N T I N U ER )

150 CONTINUE

c LOAD ADM4ITTANCE
YREAL=-0.O1
YIP'AG=0.O
IJ=S
DO) 160 KJ=l,5
00 160 K=192

160 Y{KJK)=CSSIM(IJ*KJ,K)
CREAL=Y(5tl)
CII'AG=Y(5,2)
OIV( 1)=YREAL-CREAL
DIV(2)=-(YIMAG-CIMAG)
D0!IV( 1)**2+DIV(2)**?
DO 170 I=1,4
D91 180 K1,t2

180 YCOEF(I#Kh=O.D
00 175 J=lv4
00 185 K=1,2
TRM(K)=E(I,J,K)

185 YTRM(K)=Y(J,K)
CALL CMULT(TRt',YTRMtP)'9
DO 190 K=1,2
YTNCR=P( 1,K)

190 YCOEF(I#K)=YCOEF(ItK)+YINCR
175 CONTINUE
170 CONTINUE

DO 200 1=1,4
00 205 K=192
TRM(K)=YCOEF(ItK)

205 YTRM(K)=DIV(K)
CALL CMULT(TRMtYTRMP)
00 210 K=l,2

210 VLfIK)=PC1#K)/D
200 CONTINUE

1.000 FORPAT(IHL1,6X9'PHASE VOLTAGE CF CENTER LOADED DIPOLE#)

112 FORMAT(2(5XIE13.6))
J= 5
D0 333 1=1,4
00 333 K=lt2

333 E(I,JvK)=VL(IK)
DO 5551=1,4
DO 555J19,5
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II r0 555 K=1,2

557 FORt4AT(///,15Xt'CI(Ji11 K) MATRIX')
WRITE(5,556) (I C(JIvK),K=1,2),l=1,4) ,=1,5)

556 FOiRMAT(8(2XiFl0o4))

DO 320 1=1#5 I
00 310 N=114

310 CCOEF(ItNrK)=O.O+11 00 360 J=105
00 340 K=I.12

TRFK) =Z-SSIM( I, JK)

7340 YTRP(K)=CI(J,N,K)

CALL CFULT(TRt4,YTRM#P)

350 CCCEF(I,Ntk)=CCOEFI'INK)+P(1,K)
360 CONTINUE
330 CONTINUEV

WRUTE(5t558)
558 FPOMAT(///tl5X,'CCOEF{IN*K) PATRIX')

WRITE(5,556)(((CCOEF I ,NK) ,K=1,2) ,N~l,4),I=1,5)
C CALCULATE TOTAL CURRENT DISTRIBUTION 4

C CALCULATE TCTAL VOLTAGE PER PH~ASE
DO 407 J=194
DO 400 1=1,5
DO 425 1=1,MM

AM=M

Z= AA-I. )*0Z V
AV(2 )=-SIN{(AK*Z) /60.
00 426 K=1,2

TRPM(K)=CI CIJK)I
426 YTRM(K)=AV(K)

CALL CMULT(TRMIYTR 1.P)
£10 427 K=1,2I

427 TCI( IIJ*K)=P( tK)
425 CONTINUE
400 CONTINUE
407 CONTINUE

DO 450 1=1,25 1
DO 450 N=1,4
0O 430 K=192

430 TCCEF(I,NtK)=0.0
00 450 J=1,30
0)0 455 K=1,2
rRFM(K)=CS(Itj,K)
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455 YTRP'iK)=TCI(JlN,K)
CALL CMULT(TRM,YTR4,P)
00 450 Kzl,2 L

450 TCOEF(liNK)=TCOEF(INK)4P(1,K)
WRI-TE(5t666)

666 FORMAT(///,40X1 'TOTAL CURRENT DISTRIBUTIONI')
DO 510 N=194
DO 510 I=1,25

510 AMPLI(1,N)=SQRTUTCEF(,4,1))**2.I(TCOEFUI,N,2))**2)
WRITE(5997i((TCOEF(ItN,K)?K=lt2)tANOLI(IN)tN=114)*1=1,25)

997 FORMAT(61lXE13.6))
CALL EXIT

END

f C-



SUBR(GUTINE CMULS-(TIRPiYTRMP)
DIMENSION TRM(2).'TRM'(2)qP(lt2)
P( l)TRM( 1J*YTRiu()-TRM(2)*YTRM(2)
P(1,2)=TR"{I)*YTRM(2)4TRM(2)b2TRM(1)
RETUIRN
END
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This Fortran II program plots the real and imaginary
parts of the current vector against the distance along the
dipole. Plotting is done on a CALCO14 plotter.

CUR(I,J,K) - A matrix of floating point numbers
containing the array to be plotted.

T - row indexing.
- column indexing.

K - real and imaginary indexing.
X - An array of floating point numbers

which represents the distance along
the dipole.

I
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C PRCGRAP TO PLCT CURRENT DISTRIBUTION OF ARRAY.
DIMENSION w(6),X(6)

VATA X/0*OtG.05v0.1O,0.I5t0.2Ov0.25/
-~ IDIMENSION CURL2594*2)
A RckADI295)C((CUIzU[J,K),K=l,2),J=l,4),I=l,25)

5 FOkMAT(4El3.6)

vjRJTE(5t6)

00 500 J=194
CALL PSIZE(5.;,100O)
CALL PBOX
CALL PAXES
L'D 500 X=l,2
D0 501 N=175
Gil 515 M=1,'i

W(P)=CbR( I,J,K)
515 WRIrE(5,1)CLR(I J,K) ,w(M)
1 FORVAT(2(2X,E13.6))

CALL PLOS (O.O,Ai0.25r-0.O2OI~,0.020,)6)

500 CON'L'JI UF L
PAUSF

CALL LXIT

EIC
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This Fortran II program computes the input to output
power ratio of the array and the isolation between the
center element and the circular array.

INPUT DATA:

A - radius of dipoles.
R - radius of the circular array.
X - value of the X-coordinate of the

fifth element.
Y5- value of the Y-coordinate of the

fifth element.
E - percent error in displacement of the

fifth element.
V(I,J,x) - voltage sequence.
CUR(12J,K) - current distribution.

OUTPUT DATA:

All input specified above are written out.
PIN - input power to each dipole on the circle.
P0 - output power to the fifth element.
PTOT - total input power.
PTR - power ratio.
PDB - isolation (in DB).

I'
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C THIS PROGRMA COMPUTES THE INPUT AND OUTPUT POWER RATIO 1
C FOR A FIVE'ELEMENT ARRAY.

REAL 10
DIMENSION IO(2)tCJ('i2)

DIMENSION r-UR(21,4t2),V(4*492)tPIN(4,2),P(4t2)
DII'ENSICN TRM(2btYTRM(2),REP(4v4)H

1C IMPEDANCE
ZL=10.O0
DO 150 11,A4
00 150 K=1,2

<1150 CU(I#K)=0.C
C READ IN PHASE

READ(29250) IFASE
250 FURy'ATI11)
C READ IN PARAMETERS FOR ARRAY I J

REAO(2,20)AtRX5vY5,E

20 FORMATW46.4tF5.2)

READ( 2,230) (C(V(IJ ,K) ,K-=l2) 1=1,l4 ) J=1,4)
230 FORtMAT(8F4.1)

C READ IN CURRENT DISTRIBUTION

101 FORMAT(20A4) J
D0 102 I=1925
DO 102 J=1930
DO 102 K=1,2

102 CS(IJK)=A4CVT(CS(ItJK))
DO 500 J=1,IFASE .

PTOT=O. C

DO 300 1=1,'4

DO 281 K=1#2 I:
281 CU C 19K) z.CUR( IIJtK)

C CONJUGATE CF I
CUR(IIJt2)=-CUR( IiJ,2)
DU 325 K=192

325 YTRM(K)=V(ItJK) '

CALL CMULT(rRtYTRMtP)
32 O0 327 N=192
37PIN(I.,N)=P41,N)

C REAL POWER
REPC IJ )=PINC 1,1)
PTCT=PTOT+REP(IJ)

300 CONTINUE
DO 305 N=l,2

305 I0(N)=CUR(2lJN)

ABSIO=IO( I.)**2+10(2)**2
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P0=A~BSI0*Z.
PTR=P0/PTOT
PDB=4. 343*ALOG (PTR)
WRITE(5150)

50 FORMAT(lHl)
WRITE(5t355)J

335 FORMAT(5X,'PHASE=',Il,//)
WRITIE(5t25)AtRX5,Y5vE

25 FORMAT(5X, 'A=' ,FB.4,/,5X,'R=' ,F8.4,I,5X,'X5=' F8.4,/,5X, Y5=t ,F8.4
C#/t5XqiERROR~lvF5,2,' PERCENT',///)
WRITE(5,400) ((CU(IK)tK~l,2),Ijt4)

400 F0RMAT(lX,'II='2Fl.84lXf'12=',2F11.8,1X,'13=',2FI1.8,1X,'I4=1,
C2FI 1.89//)

405 FORMAT( lX,'Vl19 2Fll.8,1X,'V2=' ,2Fll.8,1X, V3=h ,2F11.8, LX, 'V4=
C2F1l.8,///)
wRITE(5v4l0)LREP(ItJ)iI=194)

410 FORMAT(lX, Pl=',Fll.7,2X, 'P2=',Fl1.7, 2Xtk.P3=*,F11.*7,2Xv'P4=',Fll.
C7#//)

* i~RITE(59420)ZL, 10(1) ,1).,2) ,ABSIO
420 FORMAT(lXP'ZL=lt F6.l,3X,'I0=',2Ell.4t3X,'ABSI0=',Ei1.4,//)

WRITE(5,425)PTOTvPOPTRvPDB
425 FORMAT( LX, PI.N=',FIl.7,3X, 'PO' ,Fll.7,3X, 'P0/PIN=',F11.7,3X,'P0/PI

CN(OB)=',FIl.79///)
500 CONTINUE

CALL EXIT
EID
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This Fortran II program computes and plots' the field
pa'ttern and phases in the phi plane.

INPUT DATA:

CUR(IJsK) A'matrix of floating-point numbflers
containing the current at the res-
pective nodes.

I - row indexing.
J column indexing.
K -real or complex indexing.
X(L) - value of the X-coordinate of the Lth[

dipole.
Y(L) -value of the Y-coordinate of the Lth

cipole.

OUTPUT DATA:

VFASE - phase sequence.
CUR(IJ5K) - as above.
X(L), YCL) - as above.
FCOEF(NP5K) - complex field function.
EMAG(NP) - magnitude of FCOEF.
EDB - value of normalized EMAG in DB.
PSHFT(NP) - phase value to be plotted.
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C PRLGRA,', r. C.flt'Th 4tN) PLOT THE FEDPATTERN ANC PHASE

DIVETINSICN PHSF7(7!')
LItENSION SI (75) ,ElAG(75) ,Xl(75) ,YI(75)
D'IMENSi(INCURI25,4,2) ,DCTfIO),FASE(2),FC(JEF(75,2),X(5),Y(5)
D1PPNSICN~ TRM(2)9YTR-"(2)tP(1,2)
REAL M I
P1=3.1.4159
TWOPI=2.qJ*Pl
P136=PI/36.0
PIZ2=PI/2.O
P12=2*0*PI

RAD=PI? 180 .0
DELTA=O.O
EH=.25
DZ=EII/5.O
THETA=PIZ2
AS IN=S!N CTHETA)
ACCS=COSiTHETA)

C READ IN CURRENT AT RESPECTIVE NODES.

4 FDRMAT(8C1XvEl3.6))
5 FORMAT(4E13.6) I A

C READ IN CORDINATES OF DIPOLES.

READ(21l0)(X(I)tY(1)tI=It5)

C READ IN PHASE
DO 999 IFASE=lt4
EMAX=0.0
WRITEC59111) IFASE

111 FORMAT(5XtlFASE='12)

WRITE(5v3) (XCI) ,YCI ) I=lv5)
3 FORMAT(2C1XvF8*4))

iWRITE(5,5O5) '
505 FORMAT(13X,'MiAGNITUDE'1S1X,'PHASE')

0C) 2 1=1973rPHSFTC I)=
Dfl 2 J=1,2z

2 FCOFFCIJ)=O.0
DC 9 NP=1,73
PHI=(NP-1)*P136

C COP~PONENTS OF LNIT VECTOR (A)
lbAX=ASIN*COS(CPHI)

AY=AS IN*S IN(CPHI)
AZ=ACOS
00 24. 1=1,5
L=l
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GO210LL=,C

Ml =5t-L 1
C VECTOR DOT PRODUCT

rOT(L)=X(T )*AXsY( I)*AY+wMl*DZ*AZ
C SOLID ANGLE

SI (L)=TOPI*DOT(L)
FASE(1);:COS(Sl(L))
'FASE(2)=SIN(S! (L))
IF(LL1-5)6tl4t7

6 LL=-Ml+(1-l)*5+1
GO TU 1.1

7 LL=Ml+(I-1):05+1
uO TO 11

14 LL=MI+(I-1)*5+t
11 CONTINUE

DO 30 N=1#2
TRl'IN)=CUR(LLIF4SE,N)

30 YTRM(N)=FASE(N)
CALL CMULT(TRMYTRMP)
DO 35 N=1,2

35 FCCEF(NP#N)=FCOEF(NPN)+P(1,N)
25 CONTINUE
24 cOnNTINUE

Dn 36 N=192
36 TR?/(N)=FCOE5F(NPN)

YTRM( 1)=O4O
YTRM(2)=60*O*PI*SIN(TTHETA)*DZ'

CALL CMULT(TRVYTRM,P)

37 FCCEF(NP,N)=P(ItN)
Xl {NP)=(NP-1)*P136
L=FCOEF(NPt2)/FcnEFCNP,l)
TFCFCOEF(NP,1).GT.O) GO TO 38
IP-(FCOEF(NP, :).CT.O) GC TO 39
1=3
ARG=ABS(ATAN(Z))
GO TO 50

39 1=2
ARG I Z -ASS AT AN C

GO TC 50
38 IF(FCOEF(NPv22k';T.0) GC TO 41

1=4
ARGPIZ 2-A 3S(CA TAN(Z)
GO TC 5J

41 1=1
ARG=tdhS(ATAN(Z))

50 PHSFT(NP)=At4G+(I-1)*PIL2
EMAG(NP)=SQRT(FCOEFCIKP,)**2+FCOEF(NP,2)**2)
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510 FnRAT(9X,E13.6,l~X,El3.6)

9 CL~hTINUB
hR-iTEt2,5CCH(EMAG(NP,PHST(NP)NP=1,721

9 99 CW% fI NU E
CALL PSILE'b.0,5.0)
CALL Pl3CX
CALL PAXES
CALL PLOS (CrOXl,TW4CPIT0-07PIFSFT110.0972)
(:0 137 P=.7

7 j ED8=!!.686O*ALCG(EMAG (NP)/EM:AX)
137 W*<ITE(5,902)(FC0FF(PI),X=1,2),EMAG(NP),ED6

CALL PSILE(5*Gr5.0)
CALL PBOX
CALL PAXES
DO 77 NP=1,7'
Xl(.NP)=(NP-,,.'236
Yl(NP)=EMtAG(NP)/EPMAX

77 CONTINUE
CALL PLOTAhXOK~l#TACPI,0.0,Yl,1.O,72)
PAUSE
CALL. EXIT
END
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This Fortran II program computes and plots the field
pattern of the circular array in the Theta plane. (EMAG
vs; THETA.) Plotting is done on a CALCOM plott'er.

INPUT DATA:

CUR(I,J$K) -A matrix -of floating-point Pumbers
containing the current at the res-
pective nodes.

I -row indexing.

J - column indexing.
K real or complex indexing.

dipole.
X(L)value of the X-coordinate of the Lh

A cipole.

OUTPUT-DATA:

IFASE - phase sequence.
CUR(IJ,K) - as above.
X(L), Y(L) - as above.
FCOEF(NP,K) - complex field function.
EKiAG(NP) - magnitude of FCOEF.
EDB - value of normalizedi EMAG in DB.

A -A
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C PRCGRAM TO COMPUTE ANiD PLOT THE FIELD PATTERN
C OF A FIVE ELEMENT CIRCULAR ARRAY IN ThE THETA PLANE

DIMENSION SI(75iEMAG(75)hXl(75),Yi(75)
DIMENSIONCUR(25s4s2) ,OOT(1O3,FASE(2),#fCOEF(75,2) ,X(5) ,Y(5)
OIt'ENSION TRt4(2),YTRMd(2),P(1,2)
REAL M!
P1=3.14159
TWOPI=2.O*Pl
P136=PI/36.O
PIZ2=PI/2.O
P12=2.O*Pl
RAO=PII 180.0
DELTA=0.O
EH=.25
DZ=EH/5.0
PHI=0.O
ACOS=COS CPHI)
ASIN=SINJ(PHI)

C READ IN CURRENT AT RESPECTIVE NODES.
READ(2,5)( C(CUR(IJ,KbK=1,2),J=1,4b1I=1,25)

4 FORMATWdIlXE13.6))
15 FORMAT(4E13.6)

C READ IN CORI2INATES OF DIPOLES.
READ(2,10) (X( I) Y(! ) 1=1,5)

10 FORP-AT(2F6*4)
C READ IN PHASE

DO 999 IFASE=194

WRITE(5, 11) IFASE

3 F0RMiAT(2(lXtF8.4))

901 FORtMAT(9X,'REAL' ,15X,'lIMAG',15X,'MAG',15X,'DA')
00 2 1=1,37
00 2 J=l92

2 FCQEFCI#Jk=O.0
00 9 NPiI.,37
THETA=(NP-1 )*PJ 36

C cotvpfN NTS (IF UNIJT VECTOR (A)
AX=SIN( THF.TA)*ACOS
AY=SIN( THETA)*ASIN
AZ=COS(THETA)
00 24 1=1,5
1=1
rDO 25 LL1=1,9
L1=10-LL1
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C 4ECTOR iOOT PRCDUCT
DCrT(L)=X( I)*!iX+Y( I)*AY+MI*DZ*AZ

c StLIr A'IGLE
SI (L)=T.vt)PI*DCT(L)
FASE(1)=COS(Si iL))
FASE(2=SIN(SI(L))
IF(LLIL-5)6vl l't,?

GO TO 11
7 LL=Ml+(I-1)*541

rV TO 11
14 LL=yl+(I-1)*5+1

11. CONTINUE

* r TRVIN)=CUR(LL, IFASh,k)
30 YTRV(N)f=FASEtN)

:7 1 CALI CP.,LT(TRtYTRMtP)
PO 31> N=lt2

3'5 FCOFF (NP,N)=FCCEF (N'PN)+P(IP.N)
25 CONTI',;UL
24 CONTINUE

DO 3t6 N=it2
36 TRtF(N)=FCOEF(NP,N)

YTRM( 1)=O.O
YTRM(2)=60.0*P1*SIN(THETA)*DZ
CALL CMULT(TRIYTRtAP) i
[JO 37 N~=1,2

37 FCOEF(NPN)=P(1..N)

18EMAG(NP)=SCRT(FCOEF(NP,1 )**2+FCOEF(NP,2)**2)

IF(EMAX-E!'AC(NP) )138t9,9

00 137 NP=1,37

FD68.660*L0GEMA(NP) /EMAX)

902 FfRAT(4(5Xd1l3,6))
CALL PSIZE(5.015.O)V
CALL PBOX
CALL PAXES
on 77 NP=1937
Xl (NP)=(.%P-1 )*Pl3o
Y1 (.NP)=EMAG(NP)/EMAX

77 CONTINUE
CALL iPL0TA(0.0qXl,PI ,O.0#Ylq1.Ot36)
PALSF

999 CONTINUE
CALL EXIT
END

C- 204



APPENDIX D

THEORETICAL DATAI

Data that were nit included in the text are appended
here for reference. They include plots of current distri-
butions, tables of slhjrt-circuited admittances, and radia-

tion patterns.
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ii 0,5% POSITION ERROR[
4 00 PROGRESSION

0.012 11,2,3j4 - - - -

01008 H
0,004l

z 0,.05 0310 0,15 0.20 02

-0,0044 ---

-0,012 b

FgrD1 Current Distribution for the CO Phase Progression.j
FigurD-i: Radius (R) of the Array is 0.3A~, Radius of the

Dipole (A) is 0.Q25X, and Position Error is 0.5%.
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0,5% POSITION ERROR

+900, -90o PROGRESSION
.~~q 0,0 C."  .

01008 f'RE(1 1), IM(I92 +90
tRE(I9) IM(I4), -900

0,004 - .-
SRE(I ),$ IM(I ),+900

2 3
/ REG14), IM(13)J *.q0o

r RE(I.), R1,. +9

U\ 0.05 Oslo 0.15 0,20 , 0,25
"\ {RE(I ) IM(I ), +90°

4 1
-0,004 . -

- -.

-008 *~RE(II(X +900

-RE(I3), IM(I ), -90°

Figure D-2: Current Distribution for the +900 and -900 Phase
Progressions. Radius (R) of the Array is Q.3X, Radius
of the Dipole (A) is 0.025A, and Position Error is 0.5%.
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0,5% POSITION ERROR

1800 PROGRESSION j
REAL

0,008- M IR

- E I IMGIAR

-0,004-/

Figure D-3: Current Distribution1 for the 1800 Phase Progression.4
Radius (R) of the Array is 0.3X, Radius of the
Dipole (A) is 0.025,16 and Position Error is 0.5%.
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10% POSITION ERRORII ~ 00 PROGRESSIONI
REAL

0,012 IMAGINARYI,02: 13 I

II

-0. 004 ',

4-0. 0012,

Figure D-4: Curren Distribution for the 00 Phase Progression.
Radius (R) of the Array is 0.3 k Radius of the
Dipole (A) is 0.02 ., and Position Error is 10%.
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10% POSITION ERROR
+9Q0 -90* PROGRESSION '

REAL

WIARY
12- (14

/ 15,005)

-440(12

-01008

FigureD-: Current Distribution for the +900 and ..900 Phase
Progressions. Radius CR) of the Array is 0.3X$ Radius
of the Dipole (A) is 0.025A., and Position Error is 10%.
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10% POSITION ERROR

1800 PROGRESSION

REAL
01008 /- -- IMAGINARY

0,004 N

z
y5

0) 2
-0 t008

Figu!reD-6: Current Distribution for the 1800 Phase Progression.
Radius (R) of the Array is O.SO Radius of the
Dipole (A) is 0.025, and Poa3ition Error is 10%.
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A =0. 0250
R =0.5000
x = 0.0025
Y5 7 0.0000

ERROR =0.5%

Yl 0.12007E-01+j0.20060E-02 Y12  0 .33829E-02-jO.35216E-03
Y1 0.S5746E-03+jO.91187E-04 Y1 4~ 0.33829E-02.-jO.35216E-03
15 0.6822lE.-02+j0.37664E-02 Y2 3. 0.33829E-02-j0.352l7E-03
22 0.12103E-ol+jO.19619E-02 Y23  0.34782E-02-jO.39713'-03
Y2i 0.55796E-03+jO.90690E-04 =2 0.69J.4SE-02+j0.37l84E-02

Y31 =0.55746E-03+jO.91l86E-04 Y32 =0.34782E-02.-jO.397l3E--03
33= 0.12198E-01+jO.19l6lE-02 Y34 =0.347'82E02-j0.397l3E-03IY35 =0.70062E-02+j%".36699E-02 Y41 0.33829E-02.-jO.35217E-03
42=0.5S796E-03+jO.90690E-0i Y43 =0.34782E-02-jp.397l3E-03
44=0.XZiLu3E-0l+j0.l96l~v-Q2 =4 0.69l4SE-02+jO.37lB'4E-02
51=0.68221E-02+jO.37664E-02 Y52 =0.6914SE-02+jO.37184E-0-

Y53 =0.70062E-02+j0.36699E-02 Y54 =0.69145E-02+jO.37l84E-02

9 .l99E0ljOll5E-) Z3 =0.26035E+02+jO.1957GE+01 Zj14 =-0.15186E+0l+jO.28999E+02

Z2=0.1140E+03-jO.4358IfE+02 Z2 0.86E0lj279E 2

Z2 .63E04O163+1Z5=058l+2j.00E0

Tabl D= Short+0+j.960E0 CZ3ui Admttnc.CYs)an en Circuit6E+
Z33 Ipednc (Z's)+0-j.1920 of 4 CirculyElments and

t3e C-.97 enter .4lElemnt Va4ue Shown l8+low th99e

Z4 Orer 0.63E0j.96E0 a4d Im-.ar.l 6E0lj.89E 2



A =0.0250
R = 0. 5000
XS= 0.0100

Y=0.0000

ERROR =2.0%

Yii 0.11725E-0l+jO.21175E-012 Y12 =0.32439E-02-jO.29677E-03
Yj=0.55663E-03+jO.874LOE-04 Y14+ = 0.32L439E-02-jO.29677E-03

Ys= 0.65553E-02+jO.38881E-02 Y-11 0. 32439E-02-jO. 29677E-03
Y22 =0.12109E-01+jO.19507E-02 Y23= 0.36245E-02-jO.47782E-03

24=0.56458E-03+jO.79'495E-04 Y25 =0.69292E-02+jO.36966E-02
Y3l=0563-3j870E0 Y32 =O.36245E-02-jO.47782E-03
Y33 = 0.12485E-Ol+jO.17557E-02 Y34 =0.36245E.-02--jO.47782E-03;IY35 =0.7290SE-02+j.34996E-02 Y41 = 0.32439E-02-jO.29677E-03
Y42 =0.564!)8E-03+j0.79495E-04 Y43 =0.3624SE-02-j0.47782E-03
Y44~ = 0.12709E-0l+jO.19507E-02 Y4f5 =0.69292E-02+jO.36966E-02
Y51 =0.65553E-02+jO.38881E-02 Y52 =0.69292E-02+jO.36966E-02 A
Y53 =0.72905E-02+j0.34996E-02 Y54 =0.';9292E-02+jO.36966E-02

55= 0.1402SE-Ol+jO.11909E-01

Zi 0.11162E+03-jO.10831E+02 Z12 =-0.J0830E+0l+j0.29324E+02
Z13 0.2603SE+02+jO.19800E+0l Z14 =-0.10830E+01+jO.29324E+02
Z15 =-0.60528E+02-jO.10'416E+02 Z21. =-0.l0830E+0l+j0.29324E+02
Z22 =0.11042E+03-jO.11712E+02 Z23 =-0.22741E+01+j0.285l3E+02
Z24 = 0.260J.5E+02+jO.19679E+0l Z25 =-0.59835E+02-jO.80002E+01
Z31 = 0.26035E+02+jO.19800E+0l Z32 =-0.22741E+01+jO.28513E+02
Z33 =0.10924E+03-jO.12454E+02 Z34 =-0.227'4lE+0l+j0.28513E+02
Z35 =-0.59095E+02-jO.57250E+0l Z41 =-0.10830E+0l+jO.29324E+02
Z42 =0.26015E+02+jO.19680E+0l Z43 =-0.22741E+0l+jO.28513E+02

Z4=0.l1042E+03-j0.1l7l2E+02 Z45 =-0.59835E+02-jO.80002E+0l
Z51 =-0602E+02-jO.10416E+02 Z52 =-0.59835E+02-jO.80002E+0l
Z53 =-3.5909.1AE+02-j0.57249E+0l Z54 =-0.59835E+02-jO.80002E+Ol

Z5 0.14400E+03-jO.43'456E+02
i

Table D2: Short Circuit Admittance (Y's) and Open Circuit

Impedance (Z's) of Circular Array Elements anid
the Center Element. Values Showi. Follow theI
Order: Real, and Imaginary.



A =0.0250
R = 0.5000

Y5n 0.0000

ERROR =10.0%

ii .03 E-01+j0.23362-02 Y12 =0.25917E-02-jO.19167E-03
0.52673E-03-j0.62+09E0 =~i 0.2S917E-02-jO.19167E-03

Y5=0.53309E-02+j0.Z4l789E-02 Y21 =0.25917E-02-jO.19'67E-03
22=0.12253E-01+jO.1624E-02 Y2 3 =0.44076E-02-jO.12402E-02
24=0.70792F.-03-jO.21881E-03 Y2 5 = 0.72550E-02+j0.3ll39E-O2
31=0.S2673E-03-jO.624J.4E-05 =3 0.44076E.-02-jO.12402E-02
33=0.13891E-01+jO.29074E-03 Y34 =0.tf4076E-02-j0.12402E-02A
Y5=0.88506E-02+jO.19367E-02 Y41 = 0.25917E-02-jO.19167E-03
42=0.70792E-03-jO.21881E-03 Y4~3 =0.44076t-02-jO.12402E-02

Y44 =. 0.12253E-O1+jO.16524E-02 Y45 =0.725S0E-02+jO.31139E-02
Y1=0.S3309E-02+jO.41789E-02 Y52 =0.725S0E-02+jO.311-09E-02
53=0.88506-02+jO.19367E-02 Y5 4 = 0.725S0E-02+jO.31139E-02

Y 55 0.1tI75SE-01+jO.10760E-01

A l= 0 .11583E+03-jO .57888E+01 Z12 =0.9I4846E+00+j0.314~53E+02
Z1 3 =0. 26046E+02+jO. 23150E+01 Z14 =0.948'f6E+00+jO.31453E+02
Z1 =-0. 62l63E+02-jO .2'-'522E+02 Z21 =0.9'4846E+00+jO.31'453E+02

Z2= 0.l0995E+03-jO.11666E+02 Z23 :-0.148784E+0l+4O.274140E+02
Z4=0. 25551E+02+jO .20143E+01 ZnS =-0.59397E+02-jO.79888E+0l
Z1=0. 26046E+02+j0. 23150E+01 Z32 =-0.48784E+0l+jO,27440E+02
Z3=0. 10450E+03-jO.l14115E+02 Z34 =-0.48784E+0l+j0.27440E+02

Z35 -0.55428E+024'jO.20329E+0l Z = -0.914'6+00+j0,3l453E+02
Z2=0.255S1E+02+jO.20143E+01 Z48. =-0.48784E+0l+j0.27440E+02
Z4=0.10995E+03-jO.ll666E+02 Zu5 =-0.59397E+02-j0.79888E+0l

Z51 =-0.62!6~3E+02-j0.2l522E+02 Z5 =-0.59397E+02-j0.79888E+0l
Z53 =-0.55428E+02+jO.20330E+01 Z54+ =-0.59397E+02-j0.79808E+0l
Z5 5  O.14'338E+03-jO.'40196E+02

Table D3: Short Circuit Admittance (Y's) and Open Circuit
Impedance (Z's) of Circular Array Elements and
the Center Element. Values Shown Follow the
Order: Real, and Imaginary,

PI
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A =0.0250
R=0. 5000

XB= 0.0018
Y = 0.0018

5I

ERROR =0.5%

Y =0.1203'4E-01+jO1.19938E-02 Y12 = 0.33620E-02-jO.3L4266ZL-03
Y =0.55772E-03+jO.90923E-04 Y14 = 0.34305F-02-jO.37432E-03
15=0.68481E-02+jO.37530F-02 Y21 =0,33620Er-02-jO.3'265E-03

"'22 =0.1203'4E-01+jO.19933E-02 Y23 =0.34305E-02-j0.37432E-03
"'24 =O0,5772E-03+j0.90923E-04 Y25 =0.68481E-02+jC.37530E-0231=0.55772E-03+jO.90924E-0f Y32 = .34305E-02-jO.37432E-03

Yq=0.12171E-0i+jD.19290E-02 Y34  0.34992E--02-jO.40741E-03
Y' 0 69806E-02+jO.36835E-02 Y-4  0.3430SE-02-jO.37432E-03
"'2=0572-03+jO.90924E-04 Y43  0.34992E-021-jO.40741E-03

027E0+j.90E02 Y45  0.69806E-02+jO.36835E-02

Y1=0.68481E-02+jO.37530E-02 Y52 =0.68481E-02+iO.37530E-02
53=0.^09806E-02+jO.36835E-02 Yqu = 0.69506E-02+11O.36835E-02
55=0.l3993E-0l+j0.ll95lE-01

Z5=-0.59979E+02-jO.84247E+01 Z 21 =-O.1597E+02--jO.8248E+Ql

35=-O.59721E+02-jO.75805E+Ol Z 41 =-0.59721E+02-jO.75805E+Ol

Os .14402E+03-jO.43584E+02

Table D4: Short Circuit Admittance (Y's) and Open Circuit
Impedance (Z's) of Circular Array Elements and
the Center Element. Values Shown Follow the

v Order: Real, and Imaginary.
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A =0.0250
R =0.5000
XS= 0.0071
Y5 = 0.0071

ERROR 2%

Yl= 0.11837E-01+jo.2C721E-02 Y12~ =O.3"16'9E-02-jO.26437E-03
v3=0.56063E-03+jO.8338SE-04 Y14 =0.34334E-02-j0.38186E-03

Y5= 0.66652E-02+jO.383S1E-02 Y21 =0.316I49E-02-jO.26436E-03
Y-2 =0.11837E-01+jO.20721E-02 Y23 =0.34334E-02-jO.38186.-03

0.6063E-03+jO.83383E-04 Y25 0.66652E-O2+jC.38331E-O2
Y31 = 0.56062E-03+jO.83385E-04 Y32 =0.34334E-02-jO.38186E-03
Y33 = 0.12377E-01+jo.8149E-02 Y34 0.370S2E-02-jO.52156E-03
Y35 =0.71871E-02+jO.35570E-02 Y41 0.3Lf334E-02-j0.38186E-03

42=0.56062E-03+jO.83382E-04 Y43 O.37052E-02-jO.S2166E-03
Y44 =O.12377E-0l+jO.18149E-02 Y4~5 0.71871E-02+jO.35570E-02

Y1=0.66652E-02+jO.38331E-02 Y,-2 O.66652E-02+jO.38331E-02
Y53 O.7871-02+jO.35570--02 Y4=078E-02+jO.35570E-02
Y =0.1'402SE-0l+jO.11908E-0l

Zil =0.lll27E+03-jO.11l0lE+02 Z12 =-0.83570E+00+jO.29509E+02
Z13 = 0.26025E+02+jO.19740E+0l Z1i4 =-0.16761E+01+jO.28904E+02
Z15 =-0.60332E+02-jO.97010E+0l Z21 =-O.83569E+00+jO.29509E+02
Z22 =0.11127E+03-JO.lll0lE+02 Z23 =-O.l676lE+01+jO.28904E+02
Z24 =0.26025E+02+jO.19740E+Ol Z25 =-0.60332E+02.-jO.97010E+01
Z31 =0.26025E+024J40.19740E+0l Z32 =-0.l6761E+Ol+jO.28904E+02
Z33 =0.lO95SE+03-jO.12252E+02 Z34 =-0.25266E+01+jO.28358E+02
Z35 =-0.593l3E+02-~j0.6370LfE+Ol Z4~1 "-0.16761E+Ol+jO.28904E+02
Z42 =O.26025E+02+jO.l97+OE+0l Z4~3 =-0.25266E+Ol+jO.28358E+02
Zi44 =O.Jl09S8E+03-j0.l2252E+O2 Z45  O53E+2j670El
Z51 =-0.60332E+02-jO.97010E+Ol ZS2 =-0.60332E+02-jO.97010E+Ol
Z53 =-0.59313E+02-jO.63705E+Ol Z54 =-0.59313E+G2-jO.63704E+0l

AZ55 O.l4'400E+03-jO,43455E+O2

Jj Table DS: Short Circuit Admittance (Y's) and Open Circuit
Impedance (Zts) of Circular Array Elements and
the Center Element. Values Shown Follow the
Order: Real, and Imaginary.
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A .05
R = 0.500

Y5 0.0354

jERROR =10%
Yl= 0.10912E-01+jO.22251E-02 Y12 = 0.22'402E-02-jO.11138E-03

Y13 =0.61713E-03-jO.11477E-03 Y14 = 0.34890E-02-jO.5BOO2E-03
Y5=0.59290E-02+jO.38859E-02 Y21 =0.22402E-02-jO.11138E-03

Y22 =0.10912E-01+jo.22251E-02 Y23 =0.34899E-02-jO.58002E-03
24=0.61713E-03-jO.1.1477E-03 Y25 =0.59290E-02+jO.38859E-02

Y31 = 0.61713E-03-jO.11477E-03 Y32 = 0.34899E-02-jO.58002E-03
Y33 =0.13443E-01+jO.73330E-03 Y34 = 0.47710E-02-jO.16032E-02
Y.15 =0.84057E-02+j.22736.-02 Y41. = 0.34899E-02-jO.58002E-03
TI t2=0.61713E-03-j0.ll477t'-03 Y43 =0.47710E-02--jO.16032E-02

Y. =0.l3443E-0l+j0.73330..02 Y45 = 0.84057E-02+jO.22736E-02
v1=0 .59290E-02+jO .38859E-02 Y5 2 = 0.59290E-02+jO .38859E-02

Y53 =0.84057E.-02+jO.22736E-02 Y54 =0.8Li057E-02+jO.22736E-02
Y55 = 0.lL4742E,-0l+j0.l0747E-0l

zil 0.1142.8E+03-jO.79510E+0l 712 =0.20759E+01+j0,32659E+O2
Z13 =0.25801E+02+jO.21559E+01 Z14 =-0.19004E+01+J0.29086E+02
Z15 =-0.6l582E+02-jO,17l87E+02 Z21 =0.20759E+0l+jO.32659E+02
Z22 =0,11418E+03-jO.79511E+0l Z23 =-0.19003E+0:i+jO.29086E+02
Z24 =0.25801E+02+jO.21S58E+Ol Z25 z-0.61582E+02-j0.17187E+02
Z~il 0.25801E+02+jO.21558E+01 Z32 =-0.19003E+0l+j0.29086E+02

Z3 .09E0-jO.13671E+02 Z34 =-0.61323E+0l+j0.26939E+02Z 3 =0.1057E+0
Z35 =-0.16646E+02-40.53209E+00 Z41 =-0.19004E+01+jO.29086E+02

Z42 0.25801E+02+jO.21558E+Cl Z43 =-0.61322E+0l'-j0.26939E+O2
Z4f4 0.10597E+03-jO.13671E+02 Z4 =-0.56646E+02-jO.53207E+0O
Z51 =-0.61582E+02-jO.17187E+02 Z52 u-O.61582E+02-jO.17187E+02
Z53 =-0,56646E+02-jO.53204E+00 Z54 =-0.56646E+02-jO.53209E+00

=~ 0.14344E+03-j0.L40199E+02

Table D6: Short Circuit Admittance (Y's) and Open Circuit
Irimedance (Z's) of Circular Array Elements and
the Center Element. Values Shown Foll.ow the4
Order: Real, and Imaginary.
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I A =0.0250
R =0.3000
XS= 0.0011
Y"= 0.0011

ERROR =0.5%

0.61673E-02+j0.10064E-02 Y12 0.90189E-03 +j0.12848E-02

Y13 =-0.67796E-03-j0.'4266BE-03 Y14 0.905l3E-03+jO.13059E-02

Ys=0.74428E-04+jO.41473E-02 Y21 0.90189E-03+jO.12848E-02
22=0.61673E-02+jO.l006{E-02 Y23 =0.90513E-03+jO.13059E-02

iY 21s =:0.67796EE03-jO.4266SE-03 y = .42E04j.17E0

35= 0.72614E-04+jO.41131E-02 Y41i 0.90513E-03+jO.13059E-02

Y42 =-0.67796E-03-jO.'42668E-03 Y43 =0.90834E-03+jO.13268E-02

44=0.61738E-02+jO.10484E-02 Y45 =0.72613E-04+jO.41131E-02
51=0.7'4430E-04+jO.'41473E-02 Y52 =0.714428E-04+jO.41473E-02

Y53 =0.72615E-0!4+JO.'411L31E-02 Y54 = 0.726114E-0!+jO.41131E-02
55= 0.45548E-03-jO.15182E-02

Zll = 0.12418E+03+jO.91453E+0l Z12 =-0.50275E+02-j0.33l139E4GM
Z13 =-'.l.5343E+02+jO.38776E+02 Z14~ -0.50077E+02-jO.33175E+C7

Z15 =0.77707E+0l-jO.53196E+02 Z21 =-0.50275E+02-j0.33l39E+G2
Z2 0.12418E+03+jO.91'451E+0l 2 =-.07E0 03l75E+0-1

Z214 =-0.15343E+2+j0.3S776E+02 "25 =0.77706E+0l-jO.53196E+02
Z31 =-0.l5343E+02+jO.38776E+02 Z32 =-0.50077E+02-4O.33175E+0?

Z3 0.124.57E+03+j0.90700E+ol Z34 =-0.4988lE+02-j0.332l4E+k":
Z 35 0.69860E+01-jO.52572E+02 Z41 =-0.SOOW'E+02-jO.33175E+02
Z42 =0l3f3+2+j0.38776E+02 Z43 =-0.49881E+02-jO.33214E+02

Z =0.l2L357E+03j.00E0 .989+1j,27E0

Z1=0.77707E+Ol-jO.53196E+02 Z52 =0.77705E+0l-jO0.53196E+02

Z53 =0.69860E+Ol-jO.b2572E+02 Z54 =0.69860E+01-jO.52572E+02
1,5=0.86780E+02+jO.55719E+02

Table D7: Short Circiuit Admittance (Y's) and Open Circuit
Impedance (Z's) of Circular Array Elemen-ts and
the Center Element. Values Shown Follow the
Order: Real, and Imaginary.
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A =0.0250
R. 0.3000
X5= 0.0042
Y5= 0.0042

ERROR =2%

0l .61581E-02+jO.94689E-03 Y12 =0.89263E-03+jO.12252E-02
Y13 =-0.67789E-O3-j'0. 2592E-03 YT 0.90520E-03+j0.13066E--02

y5=0,77093E-.04+jO,41961E-02 Y21 =0.89263E-03+jO.12252E-02
Y2 O8181-0+O.94689E-03 Y23 = 0.90520E-03+jO.13066E-)2

Y24 =-0.67789E-03-i0,42592E-03 Y25 = 0.77091E-04+jO.41961E-02
Y31 =-0.67789E-03-jO.42592E-03 Y32 = 0.90520E.-03+jO.13066E-02

Y33 =0,6l827E-02+j0.J1l07lE-02 Y34 =0.91728E-03+jO.138S5E-02.1y35 =O.70126E,-04+jO.40657E-02 Y41 =0.90520E-03+jO.13066E-02
Y42 =-O.67789E-03-jO.42592E-03 Y413 =0.91728E-03+jO.13855E-02

44=0.61827E-02+jO.11072E-02 Y45 =0.70126E-04+jO.406S7E-02
Y51 = 0.7709lEr-044-jO.41961E-02 V52 =O.77091E-04+iO.4l96lE-02
Y53 =O.70125E-04+jO.'f0657E-02 Y54 =0.70125E-04+jO.40657E-02
y55 =O.4S555E-03-jO.J.5210E-02

Zll =O.12362E+03+jO.92371E+01 Z12 =-0.50835E+02-jO.33047E+02
Z13 =-O.l5327E+02+JO.38776E+02 Z14 =-0.SOO6lE+02-jO.03175E+02
Z15~ = 0.88689E+0l-jO.54045E+02 Z21 =-0.50835E+02-jO.33047E+-02
Z22 = 0.120362E+03+jO.92371E+0l Z23 =-0.50061E+02-jO.33l75E+02
Z24 =-O.l5327E+02+jO.38776E+02 Z25 =O.88688F+0l-jO.54044E+02
Z31 =-O.15327E+02+jO.38776E+02 Z32 =-0.50061E+02-jO.33175E+02
Z33 =0.12512E+03+jO.8950.E+O1 Z3 4 =-O.49332E+02-jO.33333E+02LZ35 =o.58749E+01-jO.5J.665E+02 Zi41 =-0.50061E+02-jO.33175E+02
Z,42 =-O.15327E+02+jO.38776E+02 Z4.3 =-1).49332E+02-jO.33333E+02

Z4 .l25l2E+03+jO.89502E+Ol Z45 =0.58748E+0l-jO.51665E+02
Z51i 0.88689E+0l-jO.54045E+02 Z52 r0.88688E+01-jQ.540'44E+02
Z53 =O.53749E+0l-jO.510^65E+02 Z54 =O.58748E+Ol-jQ.51665E+02
Z55 =O.86762E+02+jO.55634E+02

Table D8: Short Circuit Admittance (Y's) and Open Circuit
Impedance (Z's) of Circular Array Elements and
the Center Element. Values Shown Follow the
Order: Real, and Imaginar~y,
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A =0.0250
R =0.3000
X5 = 0.0212
Y5= 0.0212

ERROR =10%

Yi1=0.61027E-02+jO.61256E-03 Y12 =0.8372SE-03+jO.89092E-03
Y13 =-0.67588E-03-j0.40582E-03 Y14 0.90721E-03+jO.13267E-02

15= 0.9'1486E-04+jO.4480J-E-02 Y21 =0.83727E-03+jO.89092E-03
Y22 =0.61027E-02+jO.61256E-03 y23 =0.90722E-03+jO.13267E-02
Y24 =-0.67587E-03-jO.40582E-03 Y25 =0.94485E-04+jO.44801E-02
Y31 =-0.61587E-03--jO.40582E-03 Y32 =0.90722E-03+jO.13267E-02
Y33 =0.62296E-024-jO.14206E-02 Y34 =0.96417E-03+jO.16990E-02
Y35 = 0.57071E-04+jO.38180E-02 Y41 =0.90722E-03+jO.13267E-02
Y42 =-0.67587E-03-jO.40582E-03 Y4~3 =0.96417E-0?+jO.160990E-02

44=0.62296E-02+jO.14206E-02 Y45 =0.57071E-04+jO.38180E-02
Y1=0.9L'486E..04+jO.4480E.02 Y52 =0.94485E-04+jO.44801E-02

Y53 =o.57071E-34+jO.38180E-02 Y54 =0.57071E-04+jO.38180E-02
Y5=0.'f5785E-03-jO.15949E-02

0i .12052E+03+jO.94596E+J. Z12 =-0.53936E+02-j0.32824E+02
Z13 =-0.14910E+02+J0.38778E+02 Z14i =-0.496'43E+02-j0.33173E+02L

Z5=0.1't639E+02-jO.5805lE+02 Z21 =-0.53936E+02-j0.S282tE+02
Z22 = 0.12052E+03+jO.94597E+01 Z23 =-0.49643E+02-jO.33173E+02
Z24 =-0.l49l0E+02+jO.38778E+02 Z25 0.14639E+02-jO.58051E+02
Z31 =-0.i4910,E+02+jO.38778E+02 Z32 =-0.49643E+02-jO.33173E+02
Z33 =0.l2794E+03+jO.80123E+0. Z34 =-0.46506E+02--jO.34271E+02
Z35 =-0.22818E+0O-jO.46143E+02 Z41 =-0.49643E+02-jO.331.73E+02
42 =-0.14910E+02+jO.38778E+02 Zt3 =-O.46506E+02-jQ.34271E+02
Z44~ =O.12794E+03+jO.80123E+0l Z45~ -0.22827E+00-jO.46143E+02
Z51i 0.14639E+02-jO.58051E+02 Z52 =0.14639E+02-jO.58051E+02
Z53 =-0.22821E+00-j0.46143E+02 Z54 =-O.22827E+00-jO.46143E+02

Z5 0.86315E+02+jO.53452E+02

Table D9: Short Circuit Admittance (Y's) and Open Circuit
Impedance (Z's) of Circular Array Elements and
the Center Element. Values Shown Follow the
Order: Real, and Imaginary.
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A =0. 0067
R =0. 3000
X5= 0.0060
YS= 0.0000

ERROR =2%

Al= 0.6574SE-02-j0.29O00E-02 Y1 2  0.97910E-03+jO.13669E-02
Y-13 =-0,72367r_-0-jo.40158l:-03 Y14=0991E0+O.36E0

Y5=0.14269E-03+j0.115175E-02 Y 2 1 =0.97910E-03+jO.13669E-02

22= 0.659OE-02-jO.2776.E-02 Y9-3  0.10003E-02+jO.2.4868E-02
'2U. =-0.72399E-03-j.40029E-03 Y2 5 = 0.13623E-03+jO.44180E-02
Y3 1 =-0.72367E-03-jO.40158E-03 Y3 2 = 0.10003E-02+j0.14868E-02 z

33= 0.66l70E-02-j0.2660E-02 Y314 =0.10003E-02+j0.14868E-02
35= 0.12928E-03+jO.43226E-02 Y41 = 0.97910E-03+AJO.13669E-02

Y4 2 =-0.7230.9E-03-j0.40029E-03 Y4 3 =0.10003E-02+jO.14868E-02
Y4= 0.65960E-02.-jG.27761E-02 Y14 5 =0.13623E-03+jO.44180E-02
si=0.14269E- 03+jO.45175E-02 Y5 2 =0.13623E-03+jO.44180E-02

Y5 3 =0.l2928E-03+j0..3226E-02 Y514 =0.13623E-03+jO.44180E-02
Y55 0.48506F-03--jO.53367E-02

Z1=0.88838E+02+jO.37370E+02 Z12 =-0.lO806E+02-j0.4l1GlE+O2
Z13 =-0.34531E+02.-jG.25428E+0l Z14 =-0.10606E+02-jO.4101E"+02
"15 =0.24719E+02-jO.41721E+02 Z21 =-0.10606E+02-jO.41l0lE+02

Z2=0,89063E+02+jO.37573E+02 Z2 3 =-0.10379E+02-jO.40911E+02
b2 4 :03JSOE+02-j0.254l8E+0l Z2 5 =0.22761E+02-jO.41855E+02

Z31 :-0.3'4S3lE+02-j0.2S428E+0l 3 ' =-0.10379E+02.-jO.40911E+02
Z3=0.89291E+02+jO.37750E+02 Z3 4 =-0.l0379E+02-j0.409llE+O2
Z5=0.20856E+02-jO.41918E+02 Z41j -0.10606E+02-jO.41l0lE+02 A

42, :.034 E+02-j0.25Lll8E+0l Z4~3 =-0.l379E+O2-jO0.O9llE+O2
Ztp4 =O.87063E+02+jO.37573E+02 Z45 = 0.22761E+02-jO.41855E+02

Z1z0.24719E+02-jO.41721E+02 Z5 2 =0.22761E+02-jO.41855E+02
Z3=0.20856E+02-jO.41918E+02 Z54 =Q,22761E+02-jO.41855E+02
Z5=0.7 4842E+02+jO.39682E+02

Table D10: Short Circuit Admittance (Y's) and Open Circuit
Impedance (Z's) of Circular Array lements and
the Center Element. Values Shown Follow the
Order: Real, and Imaginary.
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A = 0.0123
R =0.3000
x = 0.00^00

Y=0.0000

ERROR 2%

Yl= O.63980E-02-jO.19501E-02 Y12 = 0.955174E-03+j0.l3228E-02
Y13 =-0.70168E-03-jO.39097E-03 Y14 = 0.9557'4E-03+jO.J.3228E-02

Y5= 0.14172E-03+jO.43936E-02 Y21. = .95574E-03+jO3.13228E-02
22= 0.64l9lE-02-jO.18293E-02 Y23 =0.97660E-03+J0.l4398E-02

Y24~ =-O.70199E-03-jO.38970E-03 Y25 =0.1356SE-03+jO.42967E-02
Y31 =-0.70268E-03-j0.39097E-03 Y32 =0.97661E-03+jD.l4398E-02

33= 0.6L397E02j.17161E-02 Y34 =0 .97661E-r-03+jO .14398E-02
35=0.12908E-03+jO.42038E-02 Y41 0.95574E-03+jO.13228E-02

Y42 =-0.70199E-03-jO.38970E-03 Y43 =0.97660E-03+jO.143913E-02
Yi44 = 0.64l9lE-02-jO.18293E-02 Y45 = 0.135SE-03+jO.42967E-02
Y51 0.l4l72E-03+j0.43936E-02 Y52 = 0.l3565E-03+jO.42967E-G2
Y~i 0.12908E-03+jO.42038E-02 Y54 = 0.13565E-03+jO.42967E-02

S5= 0 .47422E-03-jO .43123E-02

11= 0 .97 609E+ 2 +j 0 .347 04 E+02 Z12 =-0.17955E+02-jO.42433E+02
Z13 =-0.36886E+02+jO.76726E+Ol Z14 =-0.l7955E+02-jO.42433E+02
Z15 = O.21457E+02-jO.45055E+02 Z21 =-0.l7955E+02-jO.42433E+02
Z22 =0.98030E+02+jO.34948E+02 Z23 =-0.17537E+02-jO.42212E+02
Z24 =-0.36884E+02+jO.76739E+0l Z25 = 0.19286E+02-jO.44846E+02
Z-31 =-0.36886F.+02+jG.76726E+0l Z32 =-0.17537E+02-jO.42212E+02

Z3=0.98445E+02+jO.35147E+02 Z34 =-0.l7537E+02-j0.422l2E+02
Z35 =0.l7190E+02-jO.44i560E+02 Z41. -0.17955E+02-JO.42433E+02
Z42 =-0.36884E+02+jO.76739E+0l Z43 =-0.17537E+02-30.422l2E+02

Z4= 0.98030OE+02+jO.34948E+02 Z45 =0.19286E+02-jO.'44846E+02
Z51 = 0.21457E+02-jO.'+5055E+02 Z52 =0.19286E+02-jO.448'46E+02

Z O .17190E+02-j.446E0 Z54 =0.19286E+02jOL46E2
Z5= 0.76077E+02+jO.42386E+02

Tabl.e Dll: Short Circuit Admittance (Y's) and Open Circuit
Impedance (Z's) of Circular Array Elements and
the Center E.ement. Values Shown Follow the
Order: Real, and Imaginary.
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I3

A =0.0185
R = 0.3000
X5 = 0.0060
Ys= 0. 0000

:RRQR =2%

Yl= 0.35926E-03+jO.10541E-01 Y12 =-0.20373E-04--j0.l802DE-0.31
Y13 =-0.13368E-03-jO.4560

4E-04 Y1 4 -- 0.20373F-04-jO.18Q20E-03
Y3= 0.12006E-03-jO.19757E-03 Y21 =0.20373E-04-jO.1L8020E-03

02 .35988E-03+jO.10541E-0J. Y23 =0.197S9E-04I-j0.17983E-03
~24=-0.13367E-03-j0.45608t.1-04 Y2 , 0 O11284E-03-jO.19710E-03

v: =-0. 13368E-03-jO .45604r' 04 "'32 0.19759E-04-j . 17053703
Y33 0.30903j. 42E-01 Y34 =0.19759E-0'4-jO.l?983E--03

Y3 ; 0.10577E-03-jO.19656E-03 Y41 =0.20373E-04-jO.18020E-03
Y42 =-0.l3367E-03-i0.v5608E-04 Y4 3 =0.19759E-04-jO .17983E-03

44= 0.35988E-03+jO.l054lE--0l Y45 =0.11284E-03-jO.19710E-03
Ysi = 0.12006E-03-j0.19757E-03 =5 0.11284E-03-jO.l97l0E-03

53= 0.l0577E-03-j0.966E-03 Y54 = 0.1128'4E-03-jO.19710E-03
Y5 = 0.32123E-03+jO.l0546E-01 l1

Zll = 0.32539E+0l-j0.94822E+02 Z12  0.7Q889E.-0-j0.16640E:+0l
Z3 =-0.11370E+0l-jO.56803E+00 Z1 4~ =0.70889E-0l-j0.l664E+0:lj:I0.l2124E+0l-1$rjl1881Er+0l 1  =0.70888E-0l-jO.16640E+01
Z2= 0.3256 9E+ 0 ~9 4819 E+ 02 Z2 3 =0.6786LIE0lj0.l6l7E+0l

Z24 =-.0.11370E+Ol-jO.56805E+00 Z25 = 0.ll478E+0l-40.L7887E+Cl
Z 1 =-0.11370E+0l-jO.56803E+00 Z32  0.67862E-Ol-jO.166L7E+0l-

33= 0.32599F.+0l-jO.94817E+02 Z3 4 =0 67862E-0l-jOJ.166l7E+0l
Z5= 0 .l084L4E+01-j0 .l7887E+0l Z41 =0.70888E-Ol-jO .l66'40E+0l
Z4  -. 11370E+01-j0.56805E+00 Z41 =0.67864E-01-j0.166l7E+0l

0.32569E+01-jO.94819E+02 Z 5  0 ll!478E+Ol-jO.17887E+0l
Z,=0.12l2"E+Gi.-jO.l788lE+0l Z52 =0.ll477E+01-40.17887E+0l

= 0.1084'4E.+l-jO.17887E+Ol Z5i4 =0.ll478E+01-jO.l7887-+1
7S= 0.30503E+01-jO.94813E+02

J,~;;

*dbfl 112: ! hoct Circuit Admittance (Y's) and Open, Circuit
Impedance (Z's) of Circular Array Elements and the
0'entLer Element. Values Shown Follow the Order:

Real, and Imaginary.
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of the Circular Array.
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Figure D-9 : Theoretical Azimuthal Plane Radiation Pattern

of tha Circular Array.
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~Figure D-l0O Theoretical Azimuthal Plane Radiation Pattern

, of the Circular Array.

~D-23

A,


